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ABSTRACT 
 
Expression of Defense Genes in Sorghum Grain Mold and Tagging and Mapping a 
Sorghum Anthracnose Resistance Gene. (December 2007) 
Seriba Ousmane Katilé, B.Sc., IPR of Katibougou (Mali); 
M.Sc. Michigan State University 
Chair of Advisory Committee: Dr. Clint W. Magill 
Sorghum grain mold and anthracnose are two major diseases of sorghum 
(Sorghum bicolor) that constrain sorghum production worldwide. Grain mold is caused 
by several species of fungi, but the two most common are Curvularia lunata and 
Fusarium thapsinum. Isolates of these two species were used to inoculate panicles of 
selected sorghum cultivars in green house and field experimentations.  Panicles were 
sprayed at the time of anthesis with conidial suspensions of the two fungal species 
individually or in a mixture and with water to serve as a control. Samples were collected 
48 hours after inoculation for RNA extraction. In greenhouse studies, four cultivars 
(Tx2911, Sureno, SC170 and RTx430) were used while thirteen cultivars were grown in 
the field experiments. Gene expression was measured for the following genes using real 
time polymerase chain reactions (rt-PCR): PR10, β-glucanase, chitinase, thaumatin, 
sormatin, phenyalanine ammonia lyase (PAL), obtusifoliol 14α-demethylase (Obtus), 
antifungal protein (AFP), apoptosis related protein (Apop) and leucine rich repeat 
(LRR). 
 Seed germination tests in field grown cultivars indicated that germination rates 
for SC279-14E, SC660 and Sureno were not greatly influenced by grain mold. Covering 
the panicles with bags served to protect them against grain mold pathogens. The seed 
mycoflora test showed that Fusarium thapsinum was the most frequently recovered 
species and there were more species present in non-covered panicles.   
The response of sorghum cultivars to grain mold infection involves multiple 
defense genes.  Real time PCR used to study the expression of sorghum defense in 
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greenhouse grown plants showed that mRNA encoding PR-10, a small 10 kDa protein, 
was highly expressed in the glumes and spikelets of resistant cultivars Tx2911 and 
Sureno and constitutively in leaves. The expression of some other defense genes like 
beta-glucanase, chitinase and AFP was variable. Sormatin was not expressed. Expression 
of β-glucanase, chitinase, and PR10 was higher in field than in greenhouse experiments. 
A second area of research involved tagging of a resistance gene for sorghum 
anthracnose. Three AFLP markers (Xtxa607, Xtxa3181 and Xtxa4327) and three SSRs 
(Xtxp3, Xtxp55 and Xtxp72) were identified. These markers were loosely linked to the 
resistance genes. The markers are located on linkage group B. The results suggest that 
markers located 20-30 cM on one side or the other of those tested should provide useful 
tags for the resistance gene.   
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CHAPTER I 
IDENTIFYING DEFENSE GENES IN SORGHUM GRAIN MOLD 
INTRODUCTION 
Sorghum (Sorghum bicolor (L) Moench, a grain crop originating from Africa is 
grown worldwide for both food and forage (Doggett 1988).  The US is the principal 
producer and exporter of sorghum. Annually, the value of sorghum crop is about $ 839 
million and is planted on 2.5 to 3.0 million hectares of land in 21 states (National 
Agricultural Statistic Services 2004). FAO reports said that 440,000 square kilometres 
were devoted in sorghum production in 2004. 
In 1994, sorghum ranked fifth among world the most important cereal crops of 
the world after wheat, rice, maize and barley and both area and total production with 
61,787 millions tones being produced in 1988.   
 About 48% of world sorghum grain production is fed for livestock and human 
foods constitute 42% (FAO 1988). In Africa and Asia, 95% of sorghum production is for 
food use (FAO 1988).  In these regions, sorghum is a very important component of 
human diets; over 300 million people depend on it.  In the US, sorghum is used largely 
as forage (Bukantis 1980). Sorghum is grown for grain, forage, syrup, and sugar and 
industrial uses of fiber. Whole sorghum grain contains 12% protein, 75% starch, 4% fat 
and 4% minerals. The remaining is fiber. In the US, about 12 % of the grain is used to 
make ethanol, with the possibility that sweet sorghums and biomass will increase the 
value of the crop.   
 Sorghum production is subject to numerous biotic constraints. Among these 
constraints, anthracnose and grain mold are the most important in terms of diseases. 
Grain mold of sorghum (Sorghum bicolor (L) Moench) is one of the major biotic 
constraints in sorghum improvement worldwide. It is a major disease whenever sorghum 
is grown if moist weather prevails after flowering until grain maturity and before 
harvest.  
This dissertation follows the style and format of Molcular Plant-Microbe Interactions. 
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The disease is generally severe when grain development coincides with wet and 
warm weather conditions (Rodriguez et al. 2000). It reduces yield, test, weight, seed 
viability, nutritional quality, as well as kernel appearance and market value (Castor and 
Frederiksen 1980) and grain quality with effects ranging from cosmetic deterioration of 
the pericarp to substantial deterioration of embryo and endosperm (Rooney and Serna- 
Shalidar 1991). In some cases, yield losses can reach 100% in highly susceptible 
cultivars (Williams and Rao 1981). In addition to reducing the nutritional value, fungi 
that cause grain mold in sorghum rarely may also produce mycotoxins (Castor and 
Frederiksen 1980), thus limiting the uses of sorghum grain as food and feed (Navi et al. 
1999).  Grain mold of sorghum results from colonization of the fungi of the developing 
grain and is associated with warm, humid environments during grain development 
(Waniska et al. 2001).  
The concepts of grain mold and grain weathering are based on early and late 
infection (Forbes 1992).  Fungi belonging to more than 40 genera are associated with 
molded grain but only a few fungi infect sorghum flower tissue during early stages of 
grain development.  These include, in order of importance, Fusarium thapsinum, 
Klittich, Leslie, Nelson and Marasas spp. Nov. Curvularia lunata (Wakker) Boedijn, 
Fusarium moniliforme (Sheld), Fusarium pallidoroseum Berk & Rav, Phoma sorghina 
(Sacc.) Boerema, Dorenbosch, & van Kesteren and Alternaria spp. (Bandyopadhyay 
1986, Menkir et al. 1996). Fusarium moniliforme and C. lunata are of worldwide 
significance.  These fungi invade the developing grain but at a different stage 
(Bandyopadhyay 2000).  Grain mold of sorghum is the greatest constraint for optimum 
grain yield where anthesis occurs in humid, warm, and rainy seasons (Forbes et al. 
1992). Anthesis is a critical point at which the sorghum flower is most susceptible to 
infection and colonization by grain mold fungi (Castor, 1981; Forbes, 1986).The 
presence of fungal species, the environment and the sorghum cultivar all influence seed 
mycoflora in sorghum (Prom 2004). 
Grain mold, commonly caused by F. thapsinum or C. lunata results in significant 
loss of grain yield and quality (Rooney and Saldivar 1991). Breeding for grain mold 
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resistant-sorghum is difficult because of the numerous fungal species involved in the 
multitude of plant and caryopses traits associated with the grain mold resistance (Smith 
and Frederiksen 2000).  Additional problems arise in years when the environment is not 
conducive to mold development.  
Plants react to pathogen attack by the induction of a battery of defense responses, 
suggesting that protective mechanisms may have complementary roles in the overall 
expression of disease resistance. Plant defense response to non-specific facultative 
pathogens takes place in four important phases. The first phase occurs when the fungal 
propagule makes contact with the surface of a plant structure (lodicules, lemmal tissue, 
and ovary base of the spikelets). Even before penetration has taken place, signalling 
mechanisms within the affected and surrounding cells detect the presence of the fungus 
(Collings and Slusarenko 1987; Graham and Graham 1991). When a breach in cell 
wall/membrane occurs, a second phase is established, where generalized stress 
response/infection recognition occurs. These responses include activation of genes in 
several pathways that can combat spread of the pathogen (Graham and Graham 1991).   
Examples include the synthesis of phytoalexins, that is, compounds that are toxic or 
fungistatic and synthesis of lignins to strengthen cell walls.  In sorghum, both of these 
responses utilize pathways that originate with phenylalanine; PAL and subsequent 
pathway enzymes are typically activated in the defense response.  Another group 
consists of enzymes that function to degrade fungal cell walls, including β-glucanases 
and chitinases (Gurr et al. 1992). Antifungal proteins that are made and deposited in 
seeds include proteins that inhibit fungal mRNA translation or act in unknown 
mechanisms (RIPs, AFP and thaumatin) (Seetharaman et al. 1996). Other induced 
defense responses include an “oxidative burst”, for which a small protein called PR10 
may serve as a marker, although in some cases it is thought to have RNAse activity.  In 
extreme cases, death of infected cells is induced via apoptosis which involves induction 
or activation of caspases and other enzymes.  In addition, genes involved in signal 
transduction might also be expected to show differences in transcription in response to 
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pathogen attack.  Although the resulting mRNAs are expected to be present at very low 
levels, modern technology makes measuring levels of individual gene mRNAs feasible.  
 
LITERATURE REVIEW 
Grain mold is a major problem in sorghum (Sorghum bicolor (L.) Moench). 
Moldy grain is a complex of three phenomena: infection of developing grain by parasitic 
and saprophytic fungi, discoloration and weathering, and loss of seed germination and 
sprouting (Murthy 2000). The disease is more important if moist weather conditions 
prevail after flowering until grain maturity and before harvest. Some sorghum cultivars 
often escape grain mold because they are photoperiod sensitive and with flowering so 
timed that grains mature only after the rains have ceased. Damages caused by grain mold 
vary from yield reduction by loss of seed mass (Frederiksen and Castor 1980), grain 
density (Castor 1981; Ibrahim et al. 1985), and germination (Castor 1981; Maiti et al. 
1985). Other types of damage that arise from grain mold relate to storage quality, 
(Hodges et al. 1999), food and feed processing quality, and market value. Several mold 
causal fungi produce mycotoxins that are harmful to human and animal heath and 
reproduction. 
Mold growth is less perceptible in grains with red pericarp compared to grains 
with white pericarp (Castor and Frederiksen 1980). Mold-resistant cultivars with red 
pericarp contain phenolics that contribute to reduced growth of mold fungi on grain 
surface. On the other hand, mold can grow readily on the pericarp of white-grained 
sorghum since there are no inhibitory factors present in the pericarp (Esele et al. 1993). 
Therefore, grains with corneous hard endosperm, though resistant to fungal colonization 
internally, can not suppress late infection and sporulation of fungi such as species of 
Cladosporium, Alternaria, and Curvularia on the pericarp (Glueck and Rooney 1980). 
Fusarium thapsinum is a filamentous fungus widely distributed on plants and in 
the soil. It is found in normal mycoflora of many common crops.  Fusarium grain mold 
is probably the most common grain mold pathogen in sorghum (Klittich et al. 1997). 
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 Curvularia species are commonly found as parasites or saprobes (saprophytes) 
on graminaceous hosts. The teleomorph is Cochliobolus lunatus. 
Mechanisms of resistance of sorghum to grain mold pathogens can be divided 
broadly in two types: the constitutive features of the structure of the plant organ or tissue 
and the inducible systems which are switched on when the plant is challenged by 
infection, damage or chemical elicitors (Glueck and Rooney 1980; Forbes 1986; 
Mansuetus 1990; Forbes et al. 1992)  Constitutive resistance includes structural features, 
which prevent penetration into the host tissues and cells. For example, the thickness of 
the cuticle and cell wall may limit penetration into the cells while texture (hardness) may 
hinder the progress of the fungi within the cells themselves. The inducible systems are 
only switched on when the plant is challenged and can be considered to have three 
components: receptor proteins or other components that recognize the challenge and 
activate signal transduction pathways which lead to effects on response genes (Esele et 
al. 1993; Menkir et al. 1996b). In some cases, such as antifungal proteins (AFPs), the 
same type of component may be present constitutively in some tissues and form part of 
an inducible response in others (Chandrashekar et al. 2000). 
Waniska et al. (2001) found wide variation in the amount of antifungal protein 
present in different sorghum cultivars. There are three primary sources of resistance to 
grain mold fungi. These include the morphological or physical characteristics of the 
seed, glumes, and/or panicle that do not promote introduction of fungal conidia into the 
infection court, the preformed structural attributes such as seed hardness and  the 
presence of a testa layer  that may physically block fungal infection (Glueck and Rooney 
1980; Forbes 1986; Mansuetus 1990; Forbes et al. 1992; Esele et al. 1993; Menkir et al. 
1996b). It is important to note here that these attributes primarily contribute to grain 
weathering resistance. 
In a recent study by Prom et al. (2005), there was no strong association between 
resistance to grain and the accumulation of sormatin and chitinases. Thus there is the 
possibility that certain moderately resistant cultivars such as Sureno may employ other 
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strategies to eschew or restrict fungal invasion either before or after physiological 
maturity.  
Recent work with two grain mold fungi (C. lunata and F. thapsinum) shows that 
both susceptible and resistant cultivars respond to inoculation by the activation of 
defense related genes, including genes that lead to the synthesis of  fungal cell wall 
degrading enzymes, antifungal proteins and phenylypropoanoid phytoalexins (Little, 
2002). 
Chitinases and ß-1,3-glucanases are the most commonly expressed hydrolytic 
enzymes in most plant-fungal interactions. Chitinases cleave ß-1,4-N-acetylglucosamine 
linkages. In vitro studies have shown that fungal cell walls from several species are 
easily degraded by chitinase. Chitinases restrict the normal growth of Trichoderma 
reesei E. Simmons and Phycomyces blakesleeanus Burgeff, for example, in fungal 
growth inhibition assays (Roberts and Selitrennikoff 1986; Darnetty et al. 1993). A 
defense response in the plant is often mounted primarily in response to the soluble cell 
wall degradation products which act as elicitors. 
Both constitutive and inducible resistance mechanisms may play roles in the 
resistance of sorghum grain to mold and may also form the basis for future attempts to 
confer resistance by genetic engineering. However, the characteristics of the developing 
and mature sorghum grain must be taken into account when deciding on strategies. It is 
likely that the constitutive mechanisms may be more important than inducible 
mechanisms in the protection against grain mold (Chandrashekar et al. 2000). 
A particularly well-studied aspect of plant resistance is the pathogenesis-related 
(PR) protein response.  There are thirteen  classes of antifungal proteins as described by 
Selitrennikoff (2001): PR-1 proteins, (1,3) β-glucanases, chitinases, chitin-binding 
proteins, thaumatin-like,(TL) protein, defensins, cyclophilin like protein, 
glycine/histidine-rich proteins, ribosome-inactivating proteins (RIPs) lipid transfer 
protein, killer proteins,  (killer toxins), protease inhibitors, and other proteins. These 
proteins were initially identified in tobacco (Nicotiana tabacum L.) leaves responding 
hypersensitively to tobacco mosaic virus (TMV) (Van Loon and Van Kammen 1970) 
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and have since been identified in a range of other species where their synthesis may be 
induced by microbial infection (viruses, viroids, fungi, or bacteria) or by chemical 
elicitors, notably salicylic acid and acetyl salicylic acid (aspirin). The latter is now 
known to relate the role of salicylate in pathogen signalling in the host plant (Doares et 
al., 1995., Mur et al., 1996). At least ten PR proteins are present in tobacco (van Loon 
1985, Bowles 1990), which are now known to have various biological activities, 
including enzymic activity as ß-glucanases and chitinases, chitin binding, and membrane 
permeabilization (Shewry and Lucas 1997).  
In a study of sorghum PR- proteins and genes, Krishnaveni et al., (1999) reported 
the purification and the properties of three chitinases from sorghum seed with molecular 
weight of 24, 28 and 33 kDa. They had anti-fungal activity against several chitin 
containing fungi but not against those without chitin in their cell wall (Muthukrishnan et 
al. 2001). Chitinases and ß-(1,3) glucanases also found were induced in leaves when 
exposed to the fungus Muthukrishnan  et al. 2001 (Table1 and 2) 
 
PR-10 
PR10 proteins are small, primarily acidic intracellular proteins of about 16 kDa 
(parsley PR protein). The PR10 class of proteins, first identified as a major pollen 
allergen (Bet v1) from white birch (Breiteneder et al. 1989), are induced by pathogen 
attack in a wide variety of plant species including the dicots pea (Fristensky et al. 1988), 
bean (Walter et al. 1990, 1996), soybean (Crowell et al. 1992), alfalfa (Breda et al. 1996) 
and potato (Matton and Brisson 1989) and monocot asparagus (Warner et al. 1992). A 
relationship between the expression of PR10 protein and disease resistance has been 
demonstrated in pea (Riggleman et al. 1985). The biological function of PR10 was 
speculated to be related to a possible ribonuclease activity after a significant amino acid 
sequence homology has been reported between the ginseng ribonuclease and parsley 
PR10 proteins (Moiseyev et al. 1996).  This family contains proteins that have RNAse 
activity (Somssich et al. 1986; Moiseyev et al. 1996).  PR-10 proteins were expressed in 
response to pathogen infection as well as abiotic stress such as drought and salinity (Park 
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et al. 2004; Moon et al. 2003; Dubos and Plomion 2001). PR-10 proteins are encoded by 
a gene family and have been characterized from various plants species (Liu et al. 2003). 
While PR10s were originally identified in peas expressing resistance to fungi 
(Riggleman et al., 1985), PR10 also has been described as responding to stress and 
abscisic acid as a pollen allergen and has been expressed in root (Tewari et al. 2003a). 
The constitutive expression of a pea PR-10 gene in Brassica napus enhances their 
germination and growth in the presence of NaCl (Sanjeva Srivatava et al. 2004). PR10 
proteins also have been shown to be induced in sorghum in response to fungal infection 
(Steven et al. 1996; Lo and Nicholson 1998a, b).  
 
Thaumatin 
Thaumatin is a protein which is isolated from katemfe fruit of West Africa 
(Thaumatococcus daniellii Benth) (van der Wel and Loeve 1972). It is induced by attack 
by viroids, which are single-stranded unencapsulated RNA molecules that do not code 
for protein. Like other PR proteins, thaumatin is predicted to have a mainly beta 
structure, with a high content of beta-turns and little helix (Edens et al. 1984).. There 
may be several related proteins in the plant, but there are two main forms: thaumatin I 
and thaumatin II. Thaumatin I is composed of 207 amino acids, with molecular weight 
22 kDa. Thaumatin II is synthesized as a precursor protein of 235 amino acids; the first 
22 amino acids and the last 6 amino acids are apparently cleaved to produce a protein the 
same size as thaumatin I (207 amino acids) and 98% identical (Iyengar et al., 1979). 
Thaumatin-like proteins (TLPs) are antifungal proteins with an amino acid sequence 
highly homologous to that of the sweet protein thaumatin from the West African plant 
Thaumatococcus daniell (Iyengar et al. 1979). Interestingly, despite the structural 
similarity between TLPs and thaumatin, TLPs are not sweet in taste whereas thaumatin 
does not exhibit antifungal activity (Vander et al. 1972; Ye et al. 2000).  It belongs to the 
class of PR-5 (TL) proteins. They are produced by a range of plants including the dicots 
grape and tomato (Pressey 1997; Rodrigo et al. 1991), the monocots barley, wheat, oat 
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and sorghum (Hejaard et al. 1991; Vigers, et al. 1991) and fungi. Their molecular masses 
lie within the range of 21–25.8 kDa. 
 
Sormatin  
Sormatin is a protein, having a molecular weight of about 25 kDa. Chitinase and 
sormatin contents in sorghum kernels increased between anthesis and physiological 
maturity and thereafter decreased in 17 sorghum varieties and hybrids naturally infected 
with grain mold (Seetharaman et al., 1996). Rodriguez-Herrera et al. (1999) detected 
higher contents of sormatin, (1,3)-β-glucan hydrolase and chitinase in grain mold 
resistant cultivars than in susceptible cultivars in naturally infected fields. Bueso et al. 
(2000) observed a decrease in the amount of sormatin and chitinase in susceptible 
cultivars upon fungal inoculation, but resistant cultivars maintained or increased the 
levels of these proteins in the caryopsis. Grain mold resistance corresponded to induction 
of AFP synthesis in response to sprinkling, fungal stress and/or adverse field conditions. 
No strong association between resistance to grain mold and the accumulation of 
sormatin and chitinase was demonstrated in sorghum lines inoculated with F. thapsinum 
and C. lunata (Prom et al. 2005). 
 
Anti-Fungal Protein (AFP)  
 A search of GenBank using “antifungal protein” as the inquiry revealed a small 
segment of protein from sorghum, accession AAB21821 with thaumatin-like properties 
(Vigers et al., 1991). Using this sequence in a translated BLAST search against “EST-
other” (that is, non-human and non-mouse ESTs) revealed numerous sequences among 
several stress-induced sorghum libraries, including several pathogen induced mRNAs.  
Two of the sorghum EST entries with near perfect matches but which seemed to identify 
different classes of antifungal proteins in maize and rice when BLASTed against all non-
redundant DNA entries in GenBank were used to make primer pairs 
(www.phytozome.net/sorghum).   
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β -glucanases 
β-(1,3) glucanase belongs to the class of PR-2  proteins.  All PR-2 protein have 
(1,3) β-endoglucanases activity in vitro and have been grouped into three classes on the 
basis of amino acid sequence analysis (Cote et al. 1991; Leah et al. 1991; Nielsen et al. 
1997). The class I glucanases is basic proteins of ~ 33kDa and are found in the plant 
vacuole. Classes II and III include acidic, extracellular proteins of about 36kDa 
(Selitrennikoff, 2001). PR-2 proteins have been found in a wide variety of plants 
including tobacco A. thaliana, peas and fruits (Coca et al. 1991;  Kim and Hwang 1997) 
the proteins are active in vitro at microcellular level against wide range of fungi 
including human and plant pathogens including Rhizoctonia solani, C. albicans and 
Aspergillus fumigatus. Induction of β-glucanase in sorghum has been reported in 
response to infection by the necrotrophic pathogen Bipolaris sorokiniana 
(Jutidamrongphan et al, 1991). The antifungal activity of plant β-(1,3) glucanases is 
thought to occur by PR-2 proteins hydrolyzing the structural (1,3) β-glucan present in 
the fungal cell wall particularly at the hyphal apex of filamentous mold where glucan is 
most exposed (Selitrennikoff  2001). In monocotyledonous plants, defense-related endo-
1,3-β-glucanases (PR-2 proteins) are grouped into the highly divergent glucanase 
subfamily A (Romero et al. 1998) which also contains glucanases involved in 
fundamental physiological processes such as seed germination and flower development 
(Akiyama et al., 2004). Chitinase and β-(1,3) glucanases were also induced in leaves 
when exposed to the fungus Fusarium moniliforme. 
 
Chitinase  
Chitinases are enzymes that catalyze the hydrolysis of ß-1, 4-N-
acetylglucosamine linkages present in chitin and chitodextrins. Chitinase is a member of 
PR-3 proteins. Most PR-3 proteins have molecular mass of between 26 and 43 kDa 
(Nielsen et al. 1997; Watanabe et al. 1999). Plant chitinases are classified into six groups 
based on their primary structure (Neuhaus 1999). Classes I and IV are characterized by 
the presence of an N-terminal, cysteine-rich, chitin-binding domain that is also found in 
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proteins such as hevein and in non-leguminous plant lectins. Class II chitinases lack the 
chitin-binding domain but are otherwise similar to class I chitinases. Class III and class V 
are more distantly related. They have been isolated from fungi, (Kang et al. 1998; 
Mathivanan et al. 1998) and plants including tobacco (Melchers et al. 1994), cucumber, 
beans, (Ye et al. 2000) peas, and many others plants and bacteria (Chernin et al. 1997). 
Chitinases have potent antifungal activity against a wide variety of human and plant 
pathogens including Trichoderma reesei, Alternaria solani, A. radicina, F. oxysporum, 
R. solani Guignardia bidwellii, Botrytis cinerea and Coprinus comatus.  Chitinase 
induction is often coordinated with the expression of specific ß-1,3-glucanases and other 
PR proteins in response to pathogen attack, as well as in response to treatment with 
elicitors and abiotic factors. Chitinase genes are differentially regulated in response to 
development or by colonization of plant tissues by micro-organisms (Salzer et al. 2000).  
 
PAL (rtPAL) 
 Phenylalanine ammonia-lyase (PAL) is a key enzyme of plant metabolism 
catalyzing the first reaction in the biosynthesis from L-phenylalanine of a wide variety of 
natural products based on the phenylpropane skeleton and the synthesis of phenolic 
compounds (Cheng et al. 2001). It is the first enzyme in the phenylpropanoid pathway.  
In all studies thus far, change in PAL enzymes levels are regulated at the transcription 
level. PAL transcription is regulated by different stimuli including mechanical 
wounding, interaction with pathogens and during plant development (Dixon and Paiva 
1995). PAL activity has been associated with increases in both lignin deposition 
(Whetten and Sederoff 1995) and production of phytoalexins (Grahan 1995), and 
transgenic plants with suppressed level of PAL were more sensitive to disease than 
wild–type plants (Maher et al. 1994). Therefore PAL appears to be important in plant 
defense against pathogens. In sorghum, the induction of the synthesis of PAL transcripts 
and the resultant synthesis of the 3-deoxyanthocyanidin phytoalexins occurs as a 
response to fungal infection and is probably separated from the induction of PAL and 
phenolic compound synthesis which occurs as a response to light (Weiergang et al. 
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1996). Phenylalanine ammonia-lyase (PAL) and chalcone synthase (CHS) have 
previously been shown to be expressed more quickly or at higher levels during pathogen 
attack (Little and Magill 2003). 
 
Apoptosis-related Proteins (Apop) 
 Induction of apoptosis or programmed cell death has been implicated in having a 
possible role in disease resistance as a component of the hypersensitive response, where 
rapid death of invaded cells prevents further spread of the pathogen (Lamb and Dixon, 
1997). Based on the detection of matching sorghum ESTs using a BLAST search against 
GenBank entry AY327105, a rice cDNA clone that was identified as encoding an 
apoptosis-related protein, primers were designed that would detect mRNA for the 
homologous gene in sorghum (Stephen et al. 1997).    
 
LRR (Leucine Rich Repeats) 
Leucine-rich repeats (LRR) are structural proteins structural consisting  of 2-45 
motifs of 20-30 amino acid long stretches that are unusually rich in the hydrophobic 
amino acid leucine. The known structures of 14 LRR proteins, each containing 4-17 
repeats, have revealed that the LRR domains fold into an arc or horseshoe shape 
(Enkhbayar et al. 2004). Typically, each repeat unit has beta strand-turn-alpha helix 
structure, and the assembled domain, composed of many such repeats, leads to the 
horseshoe shape with an interior parallel beta sheet and an exterior array of helices. The 
region between the helices and sheets is the protein's hydrophobic core and is tightly 
sterically packed with leucine residues (Enkhbayar et al. 2004). Proteins containing 
LRRs include tyrosine kinase receptors, cell-adhesion molecules, virulence factors, and 
extra-cellular matrix-binding glycoproteins, and are involved in a variety of biological 
processes, including signal transduction, cell adhesion, DNA repair, recombination, 
transcription, RNA processing, disease resistance, apoptosis, and the immune response 
(Matsushima et al, 2000). At least six families of LRR proteins, characterized by 
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different lengths and consensus sequences of the repeats, have been identified (Kobe and 
Diesenhofer 1994).   
 
Obtus (Obtusifoliol 14α-demethylase) 
 Obtusifoliol is the physiological substrate for 14α-demethylation in plants.  
Obtusifoliol 14α-demethylase is a key enzyme in plant sterol biosynthesis and is a target 
for the design of phyla – specific sterol 14α-demethylase inhibitors (Kahn et al., 1996). 
In 1996 the first sterol 14α-demethylase was found in plants (Sorghum bicolor) (Kahn et 
al. 1996) and in 2000 the orthologous nature of a CYP51-like gene from Mycobacterium 
tuberculosis to eukaryotic CYP51s was confirmed. Obtusifoliol 14α-demethylase from 
Sorghum bicolor (L) Moench has been cloned using a gene-specific probe generated 
using PCR primers designed from an internal 14 amino acid sequence (Bak et al. 1997). 
The sequence identifies sorghum obtusifoliol 14α-demethylase as a cytochrome P450 
and it is assigned to the CYP51 family together with the sterol 14α-demethylases from 
fungi and mammals (Bak et al. 1997). The sterol 14α-demethylase is a member of the 
cytochrome P450 gene family, which catalyzes the oxidative removal of the 14α-methyl 
group of lanosterol in mammals and yeast.  It was selected for inclusion in this study 
since it shows up frequently in the sorghum EST libraries for stress response mRNAs 
including inoculation of seedlings with Colletotrichum gramincola submitted to 
GenBank by Cordonnier-Pratt et al. (2002).  
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Table 1. Target defense response genes. 
 
GENE or PROTEIN Presumed Role in Defense 
Chitinases I and II  (PR-3’s) 
β -glucanases  (PR-2’s) 
Thaumatin 
RIP  
AFP” 
PAL (phenylalanine-ammonia lyase 
CHS (chalcone synthase) 
Sormatin 
PR-1 
PR10 
Obtusifoliol 14-α-demethylase 
Caspases 
Degrade fungal cell walls 
Degrade fungal cell walls 
Inhibit fungal amylase or protease? 
Ribosome (translation) inhibiting 
Differs from others, but action unknown 
Phytoalexin (Apigeninidin) synthesis 
Phytoalexin (Apigeninidin) synthesis 
Membrane permeabilization 
Ca++ channel blocker 
Ribonuclease? 
Cyt P450, sterol synthesis (plant & fugal) 
Apoptosis  (programmed cell death) 
  
 
Table 2. PR-proteins in sorghum. 
Family Class Protein 
cDNA/gene
Sites of 
expression 
Induced by Authors 
PR-2 
PR-3 
PR-5 
PR-10 
Glucanase 
Chitinase 
TLP 
Peroxidase 
P 
P 
P 
C 
Leaf, sheath 
Leaf, sheath 
Seeds 
Mesocotyls 
Pathogen 
Pathogen 
Developmental 
Non-pathogen 
Khrishnaveni (1999b) 
Krishnaveni (1999a) 
Vigers (1991) 
Lo & Nicholson (1998) 
 
Note: P = Protein, C = cDNA. 
 
 
 
 
 
  
15
 OBJECTIVES   
Develop host response assays that can be used to identify induced defense 
response in sorghum against F. thapsinum and C lunata. The assays will be used to:  
 1) Quantify potential defense responses using RT-PCR, 
 2) Identify differential responses among different cultivars, 
 3) Compare tissues for specific response (leaves, glumes, gynoecia), 
4) (Time permitting): Identify and purify elicitors using RT-PCR assay for host 
receptors identification in sorghum. 
The investigations are focused on the followings:  
• Development of real time-RT-PCR tests for a series of potential defense response 
genes and pathways, 
• Identification of defense genes that are activated in sorghum glumes and 
gynoecia following inoculation at the time of flowering at higher levels or more 
quickly in response to F. thapsinum and C. lunata,  
• Identification of significant differences, if any, among different resistant 
cultivars. 
MATERIALS AND METHODS 
Greenhouse Experiment 
Four cultivars of sorghum with different level of resistance to grain mold 
pathogens were grown in a greenhouse. At the time of anthesis, four panicles were 
selected in each cultivar and received the following treatments: inoculation by spraying 
with C. lunata, F. thapsinum, mixture of C. lunata and F. thapsinum and control plants 
inoculated with water. The inoculation protocol was as previously described by Prom et 
al. (2003).   Briefly, conidial suspensions of F. thapsinum and C. lunata were prepared 
by aliquoting 10 ml of 0.5% gelatine solution onto culture plate and harvesting conidia 
by scraping the colonized agar plate with a flame sterilized glass bacterial spreader. The 
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solution was strained through a three layers of sterile cheesecloth to remove the mycelial 
fragments. The solutions were calibrated to approximately 1x106 conidia /ml with a 
hemacytometer.  The sorghum panicles were inoculated at the flowering stage when the 
anther has emerged from approximately 50 -70 % of the spikelets by spraying with fresh 
inoculum of conidial suspension of C. lunata, F. thapsinum, and their mixture.  Control 
plants were sprayed with water. Panicles were covered with pollinating bag immediately 
after inoculation to maintain a high relative humidity. Inoculation was done in the late 
evening.  The pollinating bag remained on the panicle until harvest. Forty-eight hours 
after inoculation, samples of spikelets were collected and kept in RNAlater® for 
dissection.  At maturity, heads (panicles) were harvested and threshed. A germination 
test was performed to study the effect of grain mold pathogen on seed germination. The 
characteristics of the cultivars are described in Table 3. 
Table 3. Sorghum cultivars used in greenhouse experimentation. 
Cultivars Seeds color Reaction to grain mold 
Tx2911 
Sureno 
SC 170 
RTx430 
Red 
White 
Yellow 
White 
Resistant 
Moderately resistant 
Moderately susceptible 
Susceptible 
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Field Experimentation 
A total of 16 sorghum cultivars were grown in the field during summer 2005 and 
13 in 2006 for grain mold inoculation and evaluation (Table 4). At the time of anthesis, 
four panicles were selected in each cultivar and received the following treatments: 
inoculation by spraying with C. lunata, F. thapsinum, mixture of C. lunata and F. 
thapsinum and control plants inoculated with water.  The inoculation protocol was 
similar to the one described during the greenhouse experiments.  Each plant was covered 
immediately after inoculation with a pollinating bag. Forty-eight hours after inoculation, 
samples of spikelets were collected and kept in RNAlater® for dissection.  At the 
maturity stage, heads (panicles) were harvested and threshed. A germination test was 
performed to study the effect of grain mold pathogens on seed germination. In addition, 
a seed mycoflora test was studied to evaluate the frequency of the different fungi 
involved in grain mold infection. The primers listed hereunder were studied in detail 
with the aforesaid samples using Real–Time PCR analysis for defense gene expression 
(Table 5). 
Plants and Fungal Culture 
Sixteen sorghum cultivars were planted during the cropping season in 2005 and 
13 cultivars planted in 2006 at the Texas A & M Research Farm near College Station, 
TX. The inoculation technique was similar to the greenhouse experiments.  
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Table 4. Sorghum BC4 cultivars in field experiments for grain mold in College Station.  
Nº Code source Pedigree Seed color PI1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
04CS5516 
04CS5513 
04CS5514 
03CS297 
04CS5327 
04CS5199 
04CS5198 
04CS5202 
04CS5355 
03CS2 
03CS182 
03CS215 
03GON119 
03GON16 
04CS-GON23 
03GON64 
SC279-14E 
SC103-12E 
SC748-5 
SURENO 
Tx2911 
SC719-11E 
SC650-11E(T) 
90EON343 
SC120-14E 
RTx430 
BTx623 
BTxARG-1 
KS115 
BTx399 
RTx2737 
SC414-12E 
Red 
Brown 
Yellow 
White 
Red 
Red 
Red 
Red 
White 
White 
White 
White 
White 
Red 
White 
White 
Purple 
P 
P 
P 
P 
P 
P 
Tan 
T 
P 
P 
Tan 
T 
P 
P 
P 
1) Note: P= Purple, T=Tan. 
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Table 5. List of potential real-time defense gene primers for SYBR Green PCR.  
Primers 5’ to 3’ Sequence NTs MT 
PR10rtF 
PR10rtR 
 
ThaumRt-rtR 
ThaumRT-rtF 
 
SormRt-rtF1 
SormRt-rtR1 
 
AFPRT-rtF1 
AFPRT-rtR1 
 
β -gluc-RtrR1 
β -gluc-RtrF1 
 
β-glucRt-rtF2 
β -glucRt-rtR2&3 
β -glucRt-rtR3 
 
ChitRT-rtF1 
ChitRt-rtR1 
 
ChitRt-rtF2 
ChitRt-rtR2 
 
rtPAL1F 
rtPAL1R 
 
PAL-RT-rtF3 
PAL-RT-rtR3 
 
ApopRT-rtF1 
ApopRT-rtR1 
 
LRR-rtF 
LRR-rtR 
 
Obtus F 
Obtus R 
 
β-gluc-ex 1F 
β-gluc-Ex-2R 
CCG ACG CCT ACA ACT AAA TCT G 
CAT ACA CCA CAC ACC GCA TAG AG 
 
CGC ATC AGG GCA TTT GG 
CCG CAG GAT TAC TAC GAC ATC TC 
 
GCA CAC GCT TCG TTC TCT AC 
GTT CAC CAC CGT GAA CAC C 
 
GTC GTC TTC TGC CCA TGA TT 
ACG TGG AGC ATG GTG TAT CA 
 
TTG AAG AGT CCG AAG TGC CTC 
CAG ACC TAC AAC CAG AAC CTC ATC 
 
AGG CAC TTC GGA CTC TTC AA 
CAT GGA TGC ACT TTG CAT TT 
CTT GCC TTA CAT GGA TGC AC 
 
GCT ATC AAG GGC GTT GGC AAG 
GCT GGC TTC GTA TGC TCA TCA GAC 
 
TGG AAC CGC TTC TAC GAT GT 
CGC GCG CTC TTA TTT TAT CT 
 
TCG CAA TCG CAA ACA TC 
TGC CCT TGA ACC CGT AGT C 
 
AGG TCA ACT CCG TCA ACG AC  
GTT GAC CAG CTC GGA GAA CT 
 
CCC AGA CAA ACA AGC AAA CCA AAG 
GTC GCA TCT AAT CAT CGT CGT CAA G 
 
CGA AGT CCT TTC CCT TGT CCA C 
AGT GCC ATC CAG  GTT GTT TCT ATC 
 
TGA CTT TGA CCA TGG GAT ACA GC 
TGA TGG TGG CAA AGA TTT CTG C 
 
CAA GAT GGC GAG GCA GTA TAT C 
TGA GGT TCT GGT TGT AGG TCT G 
22 
23 
 
17 
23 
 
20 
19 
 
20 
20 
 
21 
24 
 
20 
20 
20 
 
21 
24 
 
20 
20 
 
17 
19 
 
19 
20 
 
24 
25 
 
22 
24 
 
23 
22 
 
22 
22 
55.5 
57.5 
 
54.6 
56.9 
 
56.1 
56.4 
 
55 
56.3 
 
56.9 
56.9 
 
56.2 
52.1 
54.1 
 
59 
59.8 
 
56.2 
53.3 
 
57.1 
56.9 
 
57.1 
56.9 
 
57.3 
53.5 
 
57.8 
57.0 
 
57.0 
56.2 
 
57.9 
58.1 
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 Seed Germination Test 
This test was performed in order to evaluate the effect of grain mold pathogens 
on sorghum seed germination from different cultivars. The seeds were collected from the 
different treatments (plants inoculated with C. lunata, F. thapsinum, mixture of C. lunata 
and F. thapsinum, or from the bagged control plants.  A second control used seeds from 
non-inoculated and non covered plants. Seed from thirteen lines grown in 2006 were 
used for this experimentation.  Seeds were plated on a No. 1 Whatman ® Schleicher & 
Schuell 90 mm Ø circle filter paper (Cat # 1001090) in a Petri dish humidified with 
sterile water and kept at room temperature (25ºC). Twenty seeds were used per line in 
two replications. One week after plating, the seeds were evaluated for germination. SPSS 
was used for the statistical analysis. 
 
RESULTS  
The result of the germination test indicated an overall low germination rate of 
32.50%. The rate was low for most of the cultivars used in this test. The lowest 
germination rates were observed on RTx430, a susceptible cultivars with less than 10%, 
SC414 less than 14%) and SC279-14E with 18.41% while the highest rate was found on 
SC719-11E, Sureno, SC748-5 and SC650-11E (Table 6).  
For the different treatments, naturally infected plants have the lowest percentage 
of germination (less than 20%) followed by plants inoculated with the mixture of F. 
thapsinum and C. lunata.  Control plants that were mock-inoculated and covered with 
pollinating bags had the highest percentage of germination (53.55%).  Inoculation with 
C. lunata or F. Thapsinum had similar effect on germination rates (but still averaged less 
than 30%). From this study it appears that covering sorghum with pollinating bags after 
inoculation may have actually protected the heads to some degree from natural mold and 
weathering pathogens or insects.  The mixture of the inoculum of the two pathogens may 
increase the infection process. Seeds from water inoculated plants, except for the cultivar 
SC279-14E where the control was extremely low (to be verified) germinated better than 
those from inoculated plants.  The resistant cultivar Tx2911 showed the average highest 
  
21
germination rate (71.11%) and the cultivars RTx430 still had the lowest rate (25.2%) 
(Table7). The comparison of the different cultivars for germination rate showed that in 
plants inoculated with C. lunata, the cultivar SC719-11E had the highest percentage of 
germination (72.50%) followed by SC748-5 and Sureno while the cultivars RTx430, 
SC414-12E, and BTxARG had the lowest germination percentage. When inoculated 
with F. thapsinum, the highest germination percentage was obtained on the cultivar 
SC650-11E (T) (75%) followed by SC719-11-E with and Tx2911. Some cultivars like 
RTx430 and SC279-14E did not germinate. After inoculation with the mixture of C. 
lunata and F. thapsinum, cultivar SC719 showed again the highest percentage of 
germination (67.5%) followed by BTx-ARG, SC650-11E (T), Sureno and SC748-5, 
RTx430 and 90EON343. For water mock inoculated plants, the greatest germination was 
found again on the cultivar SC719-11E (95.28%) followed by the cultivars SC650-11E 
(T), and SC748-5 and the lowest percentage of germination was found on RTx430. On 
naturally infected non-bagged plants, the cultivar Sureno showed the highest 
germination rate (50%) and the lowest germination was seen on RTx430. Overall the 
cultivar SC719-11E had the highest rate of germination followed by SC650-11E (T), 
Sureno, and SC748-5 while RTx430 had the lowest germination percentage. 
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DISCUSSION 
The germination percentage average between the bagged control plants versus 
treatments with C. lunata, F thapsinum, mixture of C. lunata and F thapsinum and 
natural infected non bagged plants in field experimentation showed the highest 
germination rate on the plants inoculated with the mixture C. lunata and F. thapsinum 
(66.90) and the lowest on natural control infected plants (31.80). Among the different 
cultivars, except for SC279-14E (to be verified) Sureno and SC660 had the highest rate 
of germination and the lowest was found on RTx430 (Table 7). 
The germination test provides a general idea about the seed viability. Grain mold 
infection reduces considerably the rate of germination. In this study, bagging the head 
can protect the seed against most of the secondary saprophytic fungi that can alter the 
seed quality and reduce the germination rate.  It is interesting to know the relation 
between the reaction to grain mold infection, the germination rate and the mycoflora of 
the sorghum infected seed. The quality of the seeds of most of the cultivars in this test 
was poor since the control plants covered with bags has less than standard germination 
rate for a good sorghum seed (less than 75%). For the two grain mold pathogens, F. 
thapsinum infection seems to reduce seed germination more than C. lunata. There was 
no synergic effect of the two fungi on the reduction of seed germination.  The low 
germination percentage on natural infected plants showed that bagging can prevent the 
infection by other saprophytes fungi and from insect attacks.  
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Table 6. Percentage seed germination of sorghum after grain mold pathogens inoculation in field experiments 2006. 
 
Cultivars C .lunata F. thapsinum C. lunata & F. 
thapsinum 
Control (H2O 
inoculated) 
Control  
Natural 
 Mean  
Tx2911 
RTx430 
BTx623 
BTx399 
SC414-12E 
SC748-5 
Sureno 
SC719-11E 
SC279-14E 
SC650-11E(T) 
SC103-12E 
90EON343 
BTxARG-1 
Mean 
10.0 d 
5.0  d 
15. cd 
30.0 abc 
7.5 d 
54.1 b 
52.9 b 
72.5  a 
30.0 abc 
41.2 ab 
34. abc 
22.5 bc 
7.5 d 
29.4 
52.50 b 
0.00 e 
4.85 de 
10.85 d 
31.70 bc 
34.89 bc 
50.08 b 
60.00 ab 
0.00 e 
75.00 a 
10.00 d 
7.50 d 
10.00 d 
26.72 
45.00 bc 
2.50 e 
27.50 c 
18.85 cd 
27.50 c 
50.00 ab 
55.00 ab 
67.50 a 
17.20 cd 
57.50 ab 
30.00 c 
10.00 d 
57.50 ab 
35.83 
45.00 de 
37.50 de 
32.50 de 
53.80 bcd 
40.00 de 
81.18 ab 
- 
95.28 a 
7.50 f 
90.00 a 
52.50 bcd 
62.50 bc 
42.50 cd 
53.55 
7.50  e 
2.25 f 
22.00 bc 
4.75 ef 
4.16 ef 
33.84 b 
50.00 a 
16.20 cd 
37.39 b 
15.0 de 
13.38 d 
7.50 e 
7.50 e 
17.03 
32.00 c 
9.45 f 
20.37cd 
23.65 cd 
13.85ef 
50.79 ab 
52.00 ab 
61.69 a 
18.41 cde 
55.73 ab 
35.53 c 
22.00 cd 
25.00 cd 
32.50 
 
Note:  There is no statistical difference between the numbers followed by the same letters; ANOVA test P = 0.05.
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SEED MYCOFLORA TEST 
Seeds were collected from plants grown under field condition in 2006 following 
inoculation at anthesis with: 1) F. thapsinum, 2) C. lunata, 3) a mixture of C. lunata and 
F. thapsinum, or 4) control sprayed with distilled water and all covered with bags as well 
as controls from natural infection (uncovered) (Fig.1). The protocol for the seed 
mycoflora analysis was previously described by Prom (2004). Seed mycoflora was 
determined for 10 seeds per treatments for each variety. Seeds were surface sterilized 
prior to evaluation. Thirty seeds were placed in vials (3 vials per treatment), soaked in 
tap water and immersed in 10% Clorox bleach (NAOCl) for 1 minute, rinsed three times 
in distilled water and dried under a laminar flow hood. The seeds were plated on half-
strength potato dextrose agar (19.75 g PDA and 10 g bacto- agar per litre) and incubated 
at 25ºC with a 12 hours photoperiod for 7 days in the sorghum pathology laboratory in 
USDA Southern Plain Research center. A total of eight lines were used for this test. The 
experiment was replicated three times.  The plates were evaluated four to five days after 
plating.  Seed mycoflora analysis has been described by Prom (2004). Identification of 
fungal species was based on the conidia, conidiophores, colony morphology, and color 
according to descriptions provided by Booth (1971). A microscope was used for clear 
identification.    
 
RESULTS  
 The identification of fungal species growing from infected seeds was conducted 
on individual plates following growth under laminar flow to prevent external 
contamination. The results showed that F. thapsinum was present on all the lines tested 
on all treatments. This pathogen is present at a very high level (more than 50% recovery) 
on all lines inoculated with F. thapsinum except for entries BTxARG-1 and Tx2911 with 
only 43.3% recovery. F. thapsinum was the most frequently recovered species at 43.08% 
followed by C. lunata (30.53%). Alternaria spp. was the third most frequently recovered 
(14%) with more growth present on control plants and natural infected unbagged plants. 
One cultivar (SC414-12E) inoculated with F. thapsinum had 100% recovery of this 
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species. F. semitectum had a lower frequency (less than 5%). Some species like 
Aspergillus spp and Rhizopus spp were present also at a lower level. Generally, the 
natural infection had the largest number of different fungal species (Table 7 and Fig.1). 
 
 3   
 
Fig. 1. Seed of two sorghum cultivars RTx430 (susceptible) and Tx2911 (resistant).  
A:  RTx430 inoculated with: 1:  C. lunata, 2:  F. thapsinum, 3: C. lunata and F. 
thapsinum, 4: water control and bagged, 5: natural infection non-bagged. 
B: Tx2911: inoculated with; 1:  C. lunata, 2:  F. thapsinum, 3: C. lunata and F 
thapsinum, 4: water control and bagged, 5: natural infection non- bagged.   
 
 
 
 
 
 
 
 
 
 
 
A 21 3 4
B
5
21 3 4 5
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DISCUSSION                   
 A test conducted by Prom (2004) showed that the most frequently recovered 
fungal species from mycoflora analysis was C. lunata at 39%, followed by F. thapsinum 
(30%) across treatments and sorghum cultivars. In agreement with the germination tests, 
the natural infection (no bag covering) which showed the lowest germination rate 
revealed the presence of more species of fungi. In addition to F. thapsinum and C. 
lunata, some species like F. semitectum, Alternaria spp, Aspergillus spp, Rhizopus spp 
were also recovered.  For the majority of the cultivars tested, Alternaria spp was an 
important species recovered from natural infection. The control plants (not inoculated 
and covered with bags) also showed the presence of multiple fungal species. The most 
common was F. thapsinum, which was recovered from most of the cultivars. In plants 
inoculated with the mixture of F. thapsinum and C. lunata, both species were generally 
recovered, showing both penetrated into the seed. The recovery of F. thapsinum in 
cultivars inoculated with this species was more than 90% in cultivars Sureno, 
90EON343, SC414-12E, BTx623, but the recovery of C. lunata was more than 80% 
only on cultivars BTxARG-1, BTx399, Tx2911 and SC414-12E inoculated with this 
fungus (Table 7). 
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Table 7. Frequency of recovery (%) of fungal species from sorghum cultivars in field 
experiments 2006. 
 
Cultivars Treatments F.T.  F.S. C.L. Alter. Asper. Rhi & others 
SURENO 
SURENO 
SURENO  
SURENO 
90EON343 
90EON343 
90EON343 
90EON343 
90EON343 
RTx430 
RTx430 
RTx430 
RTx430 
RTx430 
BTxARG-1 
BTxARG-1 
BTxARG-1 
BTxARG-1 
BTxARG-1 
BTx399 
BTx399 
BTx399 
BTx399 
BTx399 
SC414-12E 
SC414-12E 
SC414-12E 
SC414-12E 
BTx623 
BTx623 
BTx623 
BTx623 
BTx623 
Tx911 
Tx2911 
Tx2911 
Tx2911 
Tx2911 
 Mean 
C.lunata 
F.thapsinum 
CL+FT 
Natural 
C.lunata 
F.thapsinum 
CL+FT 
Control 
Natural 
C.lunata 
F.thapsinum 
CL+FT 
Control 
Natural 
C.lunata 
F.thapsinum 
CL+FT 
Control 
Natural 
C.lunata 
F.thapsinum 
CL+FT 
Control 
Natural 
C.lunata 
F.thapsinum 
Control 
Natural 
C.lunata 
F.thapsinum 
CL+FT 
Control 
Natural 
C.lunata 
F.thapsinum 
CL+FT 
Control 
Natural 
 
15 
93.3 
38.3 
6.7 
45.0 
96.7 
28.3 
3.3 
58.3 
25 
85.0 
93.3 
60.0 
30.0 
10.0 
43.3 
38.3 
48.3 
13.3 
11.7 
53.3 
63.3 
25.0 
53.3 
3.3 
100.0 
15 
30.0 
45.0 
93.3 
95.0 
73.3 
13.3 
11.7 
43.3 
16.7 
90.0 
20.0 
43.08 
10 
0 
3.3 
35.0 
0 
0 
3.3 
30.0 
0 
0 
0 
3.3 
18.3 
5.0 
0 
0 
0 
0 
8.3 
0 
20.0 
0 
3.3 
0.0 
0 
0 
16.7 
0 
0.0 
0 
0 
0 
8.3 
0 
0 
0 
0 
0 
4.59 
71.7 
0 
55  
0 
55 
3.3 
53.3 
0 
1.7 
75 
15 
3.3 
21.7 
26.7 
90.0 
56.7 
55 
15 
18.3 
88.3 
0.0 
36.7 
3.3 
3.3 
96.7 
0 
1.7 
30.0 
55 
6.7 
5.0 
0 
18.3 
85.0 
1.7 
35.0 
0 
11.7 
30.53 
3.3 
6.7 
3.3 
45.0 
0 
0 
15.0 
38.3 
10 
0 
0 
0 
0 
25 
0 
0 
6.7 
35 
58.3 
0 
1.7 
0 
46.7 
16.7 
0 
0 
28.3 
40.0 
0 
0 
0 
10.0 
58.3 
0 
11.7 
58.3 
10.0 
53.3 
14.26 
0 
0 
0 
3.3 
0 
0 
0 
28.3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1.7 
0 
0 
1.7 
0 
18.3 
3.3 
0 
0 
38.3 
0 
0 
0 
0 
16.7 
0 
3.3 
23.3 
6.7 
0 
3.3 
4.13 
0 
0 
0 
10.0 
0 
0 
0 
0 
30.0 
0 
0 
0 
0 
13.3 
0 
0 
0 
0 
1.7 
0 
23.3 
0 
3.3 
23.3 
0 
0 
0 
0 
0 
0 
0 
0 
1.7 
0 
0 
3.3 
0 
11.7 
3.39 
Note: FT: Fusarium Thapsinum, FS: Fusarium semitectum, CL: Curvularia lunata, Alter: 
Alternaria spp, Asp. : Aspergillus spp, Rhi; Rhizopus spp 
Sorghum cultivars were inoculated at flowering stage with condial suspension of C. lunata, F. 
thapsinum, mixture of C. lunata and F. thapsinum, or water then bagged. Natural infected plants 
were not bagged. 
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CHAPTER II 
DEFENSE GENE RESPONSE TO GRAIN MOLD INFECTION USING 
QUANTITATIVE REAL-TIME PCR 
INTRODUCTION 
RT-PCR is a combination of three steps: (i) the reverse transcriptase (RT)-dependent 
conversion of RNA into cDNA, (ii) the amplification of the cDNA using the PCR and 
(iii) the detection and quantification of amplification products in real time (Gibson et al., 
1995). Real time PCR is based on the detection and quantification of a fluorescent 
reporter (Lee, 1993, Livak, 1995). The signal increases in direct proportion to the 
amount of PCR product in the reaction. The higher the starting copy number of the 
nucleic acid target, the sooner a significant increase in fluorescence is observed. A 
significant increase in fluorescence above the baseline value measured during the cycles 
indicates the detection of accumulated PCR product. 
A fixed fluorescence threshold is set significantly above the baseline that can be 
altered. The CT (threshold cycle) is defined as the cycle number at which the 
fluorescence emission exceeds the fixed threshold.  
When a single PCR product is amplified, rather than using a fluorescent probe, it is 
much more economical to use an SYBR Green, a double-stranded DNA dye in the PCR 
reaction since it binds to newly synthesized double-stranded DNA and gives 
fluorescence. 
MATERIALS AND METHODS 
RNA Extraction and Purification 
The cultivars viz., TX2911, Sureno, SC170, and Tx2911 were inoculated with spore 
preparations of F. thapsinum, C. lunata, mixed spores, or water control. Total RNA was 
extracted from plants inoculated at the flowering stage. Spikelets were collected in 
RNAlater® (Ambion) 48 hours after inoculation. Glumes and gynoecia were separated 
using dissecting forceps and kept in RNAlater and total RNA was extracted using either 
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the Qiagen RNeasy® plant mini kit or Invitrogen™ TRIZOl® Reagent Kit. Kit. 
 Before starting, all working surface was cleaned with DEPC water (RNase free) 
and β-mercaptoethanol (β-ME) was added to Buffer RLT (Qiagen Kit). A total of 10μl 
of β-ME per ml of Buffer RLT was added.  This and subsequent dispersions were made 
in a fume hood using appropriate protective clothing. Buffer RLT containing β -ME can 
be stored at room temperature for up to 1 month.  Buffer RPE is supplied as a 
concentrate. Before first time of use, four volumes of ethanol (96-100%) were added as 
indicated to obtain a working solution. The amount of tissue was determined (less than 
100 mg). Immediately the weighed tissue was placed in liquid nitrogen and ground 
thoroughly with mortar and pestle. The tissue powder was decanted with remaining 
liquid nitrogen into an RNAse–free, liquid nitrogen cooled, 2 ml centrifuge tube. The 
liquid nitrogen was evaporated, without allowing the tissue to thaw. A total 450 μl of 
Buffer RLT was added to a maximum of 100 mg of tissue powder, the mix vortexed 
vigorously and incubated for a short time (1-3 min) at 56ºC to help to disrupt tissue. The 
lysate was transferred to a QIAshredder spin column, placed in a 2 ml collection tube, 
and centrifuged for 2 min at full speed. Carefully the supernatant of the flow through 
was transferred to a new micro centrifuge tube without disturbing the cell-debris pellet in 
the collection tube. The end of the pipette tip was cut to facilitate pipetting of the lysate 
into the QIAshredder spin column. A half (0.5) volume of ethanol (96-100%) was added 
to the cleared lysate, and mixed immediately by pipetting. The sample (650 μl) was 
transferred, including any precipitate that may have formed, to an RNeasy spin column 
placed in a 2 ml collection tube. For all column centrifugations, the lid of the centrifuge 
was closed gently to avoid disrupting the tubes.  The columns were centrifuged for 15 
seconds at >8000 x g (>10,000 rpm) and the flow through was discarded. A total of 700 
μl of Buffer RW1 was added to the RNeasy spin column, and centrifuged for 15 seconds 
at t >8000 x g (>10,000 rpm) to wash the spin column membrane. The flow through was 
discarded. A total 500 μl of Buffer RPE was added to the RNeasy spin column and 
centrifuged for 15 second at >8000 x g (>10,000 rpm) to wash the spin column 
membrane.  The flow through was again discarded. Another 500 μl of Buffer RPE was 
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added to the RNeasy spin column, and centrifuged for 2 minutes at >8000 x g (>10,000 
rpm) to wash the spin column membrane and the flow through and collection tube were 
discarded.  The RNeasy spin column was placed in a new 2 ml collection tube and the 
old collection tube was discarded with the flow through, and centrifuged at full speed for 
1 minute. The RNeasy spin column was placed in a new 1.5 ml collection tube and 30-
50 μl of RNeasy free-water was added directly to the spin column membrane, the lid 
closed gently and centrifuged  for 1 minute at  >8000 x g (>10,000 rpm) to elute the 
RNA.            
 For RNA quantification, after establishing a blank setting of the Nanodrop® 
system to zero with 1μl of RNase free water, l μl of RNA sample was placed onto the 
sensor and the RNA concentration was measured. The instrument automatically 
calculates the RNA concentration. The NanoDrop ND-1000 Spectrophotometer 
(260/280 nm) can measure 1 μl samples with concentrations between 2 ng/ μl and 3,000 
ng/μl without dilution. 
DNA-free™ DNase Treatment and Removal Reagents 
A total of 0.1volume of 10X DNase I Buffer and 1 μl of rDNase I was added to the 
RNA samples and mixed gently.  For routine DNase treatment, 1μl rDNase I (2 U) was 
used for up to 10 μg of RNA in a 50 μl reaction volume. The solution was incubated at 
37 ºC for 20-30 min when resuspended DNase Inactivation Reagent (0.1volume) was 
added and mixed well. The DNase Inactivation Reagent was resuspended by flicking or 
vortexing the tubes before dispensing it. For routine treatments, 2 μl or 0.1 volume of 
DNase Inactivation Reagent was used, whichever was greater. Per 50 μl of RNA sample, 
and 1 μl of rDNase I, 5 μl of DNase Inactivation Reagent was added. The solution was 
incubated 2 min at room temperature and mixed occasionally. The content of the tubes 
was mixed 2-3 times during the incubation period to re-disperse the DNase Inactivation 
Reagent. The solution was centrifuged at 10,000 x g for 1.5 min and the RNA 
transferred to a fresh tube. After quantification using a Nanodrop, the samples were kept 
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at -80ºC. The total RNA extracted is approximately 80-85 % ribosomal RNA (rRNA: 
5S, 18S and 28S); 10-15% transfer RNA (tRNA) and 1-5% messenger RNA (mRNA).  
 
Sample Preparation and Real Time PCR 
The RNA samples were calibrated to a final concentration of 200 ng/μl. The two 
protocols used for the real time PCR were Invitrogen SuperScript™III Platinum® 
SYBR® Green one step QRT-PCR (Invitrogen, Carlsbad, CA) and Qiagen Quantitech™ 
SYBR Green RT-PCR. The SuperScript™ III kit contains 2X SYBR Green mix that 
consists of a proprietary buffer system, SYBR Green I, MgSO4, dNTPs and stabilizers, 
SuperScript™III Reverse transcriptase with reduces RNase H activity but increased 
thermal stability. This enzyme can synthesize cDNA at a temperature range of 42-60ºC. 
Because SuperScript™III RT is not significantly inhibited by ribosomal and transfer 
RNA, it can be used to synthesize cDNA from total RNA (www.Invitrogen.com). 
The machine used for this real time PCR was a Cepheid Smart Cycler® II System 
that holds reaction tubes of 25 μl.   
For Invitrogen kit samples, each reaction tube contained 1 μl of RNA, 12.5 μl of 2X 
Reaction Mix., 0.5 μl of SuperScript™III RT/Platinum® Taq Mix, 0.5 μl of 25pM/μl of  
Forward primer, 0.5 μl of 25pM/μl of Reverse primer and 10 μl of RNase free water or  
DEPC. Sample tubes were spun before loading in the 16 wells plate of the Cepheid 
Smart Cycler®. The PCR Cycle was the following: 50ºC for 15 minutes for cDNA 
synthesis, 95ºC for 2 minutes for initial activation  followed by 40 cycles of 95ºC for 15 
seconds, 50 to 60ºC (depending of the melting temperature for each primer) for 30 
seconds and 72ºC for 30 seconds. Post amplification melting curves covered 65 to 95 ºC. 
For samples analyzed using the Qiagen kit, each reaction tube contained 12.5 μl of 
2X Quantitech SYBR® Green RT Mix, 1μl of 25pM/μl Forward primer, 1 μl of 25pM/μl 
Reverse primer, 0.25 μl of Quantitech® RT Mix and 9.25 μl of RNase free water for a 
total of 25 μl. Samples were spun before loading in the wells. The PCR cycle settings 
were as follows: 95ºC for 30 minutes (detector off) and 60ºC for 15 minutes to provide 
for cDNA synthesis via the reverse transcriptase, followed by 35 cycles of 95ºC for 15 
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seconds, 50 to 60ºC (depending of the melting temperature for each primer) for 30 
seconds and 72ºC for 30 seconds to amplify cDNAs to detectable levels. 
 
Data Analysis 
 The results from the SYBR Green RT-PCR were automatically presented in the 
form of fluorescence curves and by threshold Cycle (Ct). The qBase relative 
quantification software developed by Hellemans et al. (2006) was used for the analysis 
of the data (http://medgen.ugent.be/qbase/download.php). This software allows the 
management and automated analysis of real-time quantitative data using the Ct value. 
The calculation of normalized relative quantities (conversion of quantification cycle 
values (Cq) into normalized relative quantities (NRQs) was first reported by Livak and 
Schmittgen (2001) as NRQ = 2ΔΔCt. Pfaffl modified the model by adjusting for 
differences in PCR efficiency between gene of interest (goi) and reference genes 
file://localhost/(http//www.gene-quantification.info:). 
For the analysis, the qBase analyzer combines raw data from the initiation to 
completion for all individual files from the same experiment into a single data table in 
the PCR analysis. In the second step, sample and gene names can be easily annotated or 
modified. In the next step, reference genes were selected and the quality of raw data 
examined so that negative or aberrant samples would not be used in comparisons. The 
samples were ordered and selected. 
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The amplification efficiencies were determined where all quantification models 
transform (logarithm) quantification cycle values into quantities using an exponential 
function with the efficiency of the PCR reaction in its base. 
 Evaluation of normalization was the next step. Normalization can be monitored 
by inspecting the normalization factor for all samples or by calculating reference gene 
stability parameters. 
 
RESULTS          
 The relative amounts of mRNA detected from target genes present in samples 
collected 48 hours post inoculation for each cultivar and treatment by each primer pair 
were compared based on Ct values.  A two fold increase in mRNA is expected to lower 
the Ct value by 1.  As an example, data Ct values in a greenhouse experiment conducted 
in 2005 showed greater expression of PR-10 mRNA in glumes or gynoecia in the 
resistant cultivar (Tx2911) inoculated with C. lunata, F. thapsinum or the mixture than 
the water inoculated control plant.  In comparison between the resistant cultivar Tx2911 
and susceptible cultivar RTx430, there was greater expression of this defense gene 48 
hours after inoculation in the resistant cultivar than in susceptible.  The result also 
showed greater expression in the glumes than in the gynoecia for this gene (Table 8), in 
leaves, with  β-(1, 3) glucanase mRNA, defense response was greater in Tx2911 than in 
RTx430 as shown by the lower Ct values; it was constitutive in the leaves (Table 9). 
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Table 8. Quantitative SYBR Green RT-PCR expression of PR10 to grain mold in    
glumes and gynoecia in greenhouse experiments.  
 
Cultivars Treatments  Ct glumes Ct gynoecia 
 
Tx2911 
 
 
RTx430 
 
 
 
C. lunata 
F. Thapsinum 
CL+FT 
Control 
C.lunata 
F. Thapsinum 
CL+FT 
Control 
17.35 
17.43 
17.81 
21.19 
19.33 
21.23 
19.25 
22.54 
19.79 
19.56 
19.56 
23.25 
20.58 
21.77 
21.51 
25.43 
 
Note: these were the Ct values of RT-PCR using Qiagen kit samples before statistical 
analysis. 
 
Table 9. Quantitative SYBR Green RT-PCR expression of β-glucanase to grain mold 
following leaf inoculation greenhouse experiments. 
 
Cutivars Treatments  Ct leaves 
Tx2911 
 
 
 
RTx430 
 
 
 
C .lunata 
F. Thapsinum 
CL+FT 
Control 
C. lunata 
F. Thapsinum 
CL+FT 
Control 
18.84 
19.99 
18.48 
18.12 
21.10 
23.76 
- 
23.46 
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Greenhouse Experimentation        
 By including the use of qBase analysis, a normalization factor could be 
calculated to permit more comparisons of gene expression from the different primers 
tested and from different sorghum tissues.    
 Normalization of data is always required where variations in experimental 
conditions contribute greatly to the quantitative difference of measured values observed 
between samples. To compare measurements from gene expression array experiments, 
quantitative data are commonly normalized using reference genes. The normalization of 
relative quantities with reference genes relies on the assumption that the reference genes 
are stably express across all tested samples (Hellmans et al., 2007). Ideally normalization 
could be based on a “housekeeping gene” which shows consistent levels of expression 
over all conditions, but since that is rarely possible, qBase also permits comparison 
among different genes analyzed in the same experiment.     
 Comparisons for the expression of LRR, beta-glucanase, AFP, and obtusifoliol 
14-alpha demethylase genes, in greenhouse experiments using actin mRNA as a basis for 
normalization indicated that the highest amount of mRNA was obtained with the 
resistant cultivar Sureno inoculated with the mixture of spores from C. lunata and F. 
thapsinum (3.46) followed by Sureno inoculated with the mixture C. lunata  and  F. 
thapsinum (3.32) and the lowest values were found water inoculated control plants for 
Sureno, Tx2911, SC170 and RTx430  with respectively 0.56, 0.75, and 0.69 and 0.69.  
The susceptible cultivar RTx430 showed a very low value in all treatments (Fig. 3 and 
Table 10). For normalization based on actin, chitinase I and II, Apop, PR10, PALrtF3-
rtR3 and thaumatin in glumes, gynoecia and spikelets. The highest expression was 
obtained in resistant cultivar Tx2911 inoculated with F. thapsinum (3.94) followed by 
SC170 inoculated with C. lunata (3.11) and by Sureno inoculated with C. lunata (2.88). 
The lowest expression as expected was seen the susceptible cultivar RTx430 inoculated 
with F. thapsinum (0.33) and on water control inoculated plants of all the cultivars (Fig.4 
and Table 11). 
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Fig. 2. Kinetics of fluorescent signal versus cycle number measured during amplification of defense associated gene PR10. 
RNA extracts were from sorghum glumes of 4 cultivars after inoculation with C. lunata, F. thapsinum, the mixture of C. 
lunata and F. thapsinum and water in a greenhouse experiments.
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Fig 3.  LRR, β-glucanase, AFP and obtus mRNA levels normalized to actin mRNA in 
glumes, gynoecia and leaves in sorghum greenhouse experiments 2007. 
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Table 10. LRR, beta-glucanase, AFP, and obtus mRNA levels in glumes, gynoecia and 
leaves in greenhouse experiments with actin mRNA used as a normalization factor. 
 
Sample name Normalization Factor 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911 + Control 
Tx2911 + FT 
0.85 ± 0.04 
0.79 ± 0.03 
0.69 ± 0.02 
0.73 ± 0.02  
1.40 ± 0.08 
1.60 ± 0.05 
0.69 ± 0.03 
1.73 ± 0.29 
2.63 ± 0.14 
3.32 ± 0.16 
0.56 ± 0.01 
1.21 ± 0.08 
1.33 ± 0.03 
3.46 ± 0.17 
0.75 ± 0.03 
1.66 ± 0.08 
 
 
Table 11. PR10, chit1, apop and thaumatin mRNA levels normalized to actin mRNA in 
sorghum glumes, gynoecia and spikelets in greenhouse experiments.  
 
Sample name Normalization factor 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911 + Control 
Tx2911 + FT 
0.55 ± 0.03 
2.66 ± 0.15 
0.48 ± 0.03 
0.33 ± 0.02 
3.11 ± 0.11 
1.55 ± 0.06 
0.53 ± 0.02 
1.67 ± 0.04 
2.88 ± 0.13 
2.23 ± 0.11 
0.63 ± 0.01 
2.06 ± 0.05 
2.50 ± 0.07 
1.77 ± 0.01 
0.51 ± 0.01 
3.94 ± 0.16 
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Fig. 4. Normalized PR10, chitinase I and II, PALrtF3-rtR3,  apop and thaumatin mRNAs 
levels normalized to actin mRNA in sorghum glumes, gynoecia and spikelets in 
greenhouse experiments 2007.   
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PR-10 
In greenhouse experimentation in glumes, PR10 showed the highest level of 
expression with Sureno inoculated with C. lunata (35.98) while the lowest expression 
was measured on water inoculated control plant of the same cultivar. This was followed 
by Tx2911, a resistant cultivar inoculated with the mixture of C. lunata and F. 
thapsinum (31.45).  These two resistant lines had a higher level of defense expression 
than the two susceptible cultivars SC170 and RTx430 which had low expression on all 
treatments.  The cultivar Sureno had also a high expression on plants inoculated with F. 
thapsinum and the mixture (C. lunata + F. thapsinum) with respectively 18.5, and 15.5 
times more expression than the control water inoculated plant (Table 12). For Tx2911, 
the level of defense gene expression was 15.3 on the plants inoculated with F. thapsinum 
and 11.3 for the plant inoculated with C. lunata but only 4.26 on control plant water 
inoculated. On susceptible control RTx430, expression was lower on most of the 
treatments with a value of 6.45 on plants inoculated with C. lunata, 2.3 for F. thapsinum, 
1.9 for the mixture and 1.4 on the water inoculated control plants. For the moderately 
susceptible cultivar SC170, the expression was moderate on plants inoculated with C. 
lunata (8.0) and low on plant inoculated with F. thapsinum (3.3), the mixture of C. 
lunata and F. thapsinum (3.2) and control water inoculated (1.7).  Overall, expression of 
the PR10 protein gene is greater on resistant cultivars thirty six to forty eight hours after 
inoculation than in susceptible cultivars (Fig. 5 and Table 12). The standard deviation 
was in general low. 
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In sorghum gynoecia, the highest level of expression of PR10 protein was seen 
on the susceptible cultivar RTx430 non-inoculated (32.3) followed by the moderately 
susceptible cultivar SC170 inoculated with F. thapsinum (18.2) while the lowest was 
observed on the resistant cultivar Tx2911 inoculated with F. thapsinum (1.0).  For 
Tx2911, the expression was moderate on plants inoculated with the mixture C. lunata 
and F. thapsinum (13.4) and with C. lunata (8.8) but low on the control plant ((3.0). 
With Sureno, the plants inoculated with C. lunata showed a high level of expression 
(14.4) and the other treatments showed expression with 1.91 with F thapsinum, 1.15 for 
the mixture and 1.46 for the control. The moderately susceptible cultivar SC170 
inoculated with F. thapsinum also showed a high level of expression (18.2) and a low 
level of expression on plant inoculated with C. lunata (4.7), the mixture (3.3) and the 
control plant inoculated with water (1.7). For the susceptible cultivar RTx430, except for 
the water inoculated control plant, there was a moderate level of expression in plant 
inoculated with F. thapsinum (7.4) and low expression in plant inoculated with C. lunata 
(1.2) and the mixture (2.5). In general, the erratic nature of mRNA levels detected for 
PR10 in sorghum gynoecia imply that as opposed to the responses seen in glumes, this 
gene does not play a significant role in host defense (Fig. 6 and Table 13).  The resistant 
cultivars did not express high levels of response for this PR10 protein.  
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In sorghum spikelets, induced expression of PR10 was evident. The highest 
expression was found on the cultivar Sureno inoculated with F. thapsinum (148.5) while 
the lowest was seen on Tx2911 water inoculated (1.0). Sureno showed also high 
expression in spikelets for plants inoculated with C. lunata (106.0), moderate on the 
control plant (40.9) but was low for plants inoculated with the mixture (8.7). The 
susceptible cultivar RTx430 showed a low level of expression on plant inoculated with 
C. lunata (2.8), the control plant (5.51) and the mixture (12.2). Tx2911 but greater 
expression in plants inoculated with the mixture of C. lunata and F. thapsinum (77.1) 
and F. thapsinum (58.6) and low on control plant (1.0). SC170 had high expression on 
the plant inoculated with the mixture C. lunata and F. thapsinum (62.24) and C. lunata 
(52.0) and the lowest expression on water inoculated control (7.4). In general the 
expression of PR10 in spikelets was more pronounced in resistant cultivars inoculated 
with a single pathogen or their mixture (Fig. 7 and Table 14). 
In leaves, the expression of PR10 was very low and constitutive. Almost all the 
treatments had a similar level of expression for all cultivars. One exception was from the 
susceptible cultivar RTx430 inoculated with the mixture of C. lunata and F. thapsinum 
where a very high level of expression (415) relative to the lowest Ct value measured. 
The relatively high level is based on a near zero level being used as the basis for 
comparison, and may be due to other factors such as wounding. The lowest Ct was seen 
on Sureno inoculated with C. lunata. In general, the expression was overall low and 
constitutive for most of the treatments (Fig. 8 and Table 15). 
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Fig. 5. Histogram of expression of PR-10 proteins in      Fig. 6. Histogram of expression of PR-10 proteins in sorghum 
sorghum glumes in greenhouse experiments 2007.                  gynoecia in greenhouse experiments 2007. 
R2 = 0.9673, base for expo amplification = 1.6538          R2 = 0.9865, base for amplification = 1.7630 
Standard deviation = 0.054           Standard deviation = 0.042 
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Table 12. Relative expression of PR-10 mRNA in sorghum glumes in 
greenhouse experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911+ Control 
Tx2911 + FT 
6.45 ± 0.36 
1.88 ± 0.07 
1.42 ± 0.11 
2.29 ± 0.13 
8.03 ± 1.34 
3.19± 0.12 
1.71± 0.11 
3.31 ± 0.87 
35.98 ± 4.69 
15.51± 1.66 
1.00 ± 0.07 
18.51 ± 48.88 
11.31 ± 0.71 
31.45 ± 4.17 
4.26 ± 0.19 
15.27 ± 2.69 
 
 
Table 13. Relative expression of PR-10 mRNA in sorghum gynoecia in 
greenhouse experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
1.20 ± 0.08 
2.48 ±0.19 
32.31± 2.74 
7.43 ± 0.67 
4.66 ± 1.00 
3.27 ± 0.13 
1.68 ± 0.31 
18.19 ± 2.37 
14.40 ± 1.50 
1.15 ± 0.08 
1.46 ± 0.40 
1.91 ± 1.59 
8.76 ± 0.39 
13.42 ± 2.98 
3.10 ± 0.27 
1.00 ± 0.13 
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Fig.7. Histogram of expression of PR-10 proteins in        Fig. 8. Histogram of expression of PR-10 proteins in  
            sorghum spikelets in greenhouse experiments 2007.  sorghum leaves in greenhouse experiments 2006. 
R2 = 0.9856, base for amplification = 1.7547 
Standard deviation = 0.0422
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Table 14. Relative expression of PR-10 mRNA in sorghum spikelets in 
greenhouse experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
2.76 ± 0.34 
12.19 ± 0.75 
5.51 ± 0.96 
39.51 ± 4.15 
51.98 ± 4.28 
62.24 ± 7.13 
7.35 ± 1.37 
9.05 ± 2.00 
106.00 ± 17.20 
8.74 ±  0.61 
40.89 ± 6.35 
148.57 ± 19.70 
41.90 ± 3.05 
77.11 ± 14.80 
1.00 ± 0.12 
58.56 ± 14.40 
 
Table 15. Relative expression of PR-10 mRNA in sorghum leaves in greenhouse 
experiments 2007. 
 
Sample name Relative expression 
RTx430+CL 
RTx430+CL+FT 
RTx430+Control 
RTx430 + FT 
SC170+ CL 
SC170+CL+FT 
SC170+ Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+CL 
Tx2911+CL+FT 
Tx2911+Control 
Tx2911 +FT 
30.14 ±1.51 
415.00 ± 69.41 
4.50 ± 0.45 
6.41 ± 0.55 
5.66 ± 0.21 
12.57 ± 0.48 
4.94 ± 0.36 
4.39 ± 0.47 
1.00 ± 0.07 
4.35 ± 0.22 
5.44 ± 0.29 
1.79 ± 0.09 
2.89 ± 0.17 
27.93 ± 2.60 
29.44 ± 0.79 
53.52 ± 5.58 
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Beta-glucanase (ß-(1,3) Glucanase rtF1-rtR1) 
ß-(1, 3)-glucanase has been shown to be induced by many plants in response to 
fungal infection. The cell wall of most fungal species consists of beta glucan and chitin. 
Thus β-glucanase and chitinase are often produced at high levels by resistant plant 
species to degrade the cell wall of invading fungi. There are several reports on the 
induction of ß-(1,3) glucanase expression during pathogen infection. It has been 
suggested that ß-(1, 3) glucanase is expressed constitutively at low levels and is secreted 
into the cell wall and intracellular spaces where it encounters the invading fungus 
(Krishnaveni et al 1999).  
The expected pattern of induction was seen in sorghum glumes.  The highest 
expression of ß-glucanase was measured on resistant cultivar Sureno inoculated with F. 
thapsinum (58.3) and Tx2911 inoculated with the same pathogen (58.3) while the lowest 
expression was seen in the controls and the susceptible cultivar RTx430 inoculated with 
C. lunata (1.0).   High expression of the glucanase was observed on the resistant cultivar 
Tx2911 inoculated with C. lunata (37.9) and the mixture C. lunata and F. thapsinum 
(22.0) compared to control plants (3.2). With Sureno and TX2911, the plants inoculated 
with the mixture C. lunata and F. thapsinum (21.6) and the plants inoculated with C. 
lunata (18.4) had significantly less mRNA at 48 hours than the plants inoculated with 
Fusarium.   
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Induction ratios in the moderately susceptible cultivar SC170, and susceptible 
cultivar RTx430 were generally significant, but generally less than 3-fold, in part due to 
higher levels of mRNA in the controls (Fig.10 and Table 16).  Expression was detectable 
in the gynoecia and in the spikelets at low, apparently constitutive levels (data not 
provided). 
In sorghum leaves inoculated two weeks after germination, the expression of ß-
glucanase was generally lower on a relative scale except for two samples with very high 
levels of expression: RTX430 inoculated with the mixture of C. lunata and F. thapsinum 
(66.6) and the water inoculated control for the resistant cultivar TX2911 (51.1). The 
expression was relatively low and constitutive in the remaining samples (Fig. 9 and 
Table 16).  
In this study ß-(1, 3) glucanase expression was greater and thus potentially more 
important in host defense in the glumes of the two resistant cultivars Sureno and Tx2911 
when inoculated with F. thapsinum. In sorghum leaves the expression was mostly lower 
and constitutive. In sorghum gynoecia and spikelets, the level of expression was lower 
and constitutive (data not shown). 
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Fig. 9. Histogram of expression of ß-(1,3)-glucanase in                Fig. 10. Histogram of expression of ß-(1,3)-glucanase in 
sorghum glumes in greenhouse experiments 2007.                 sorghum leaves in greenhouse experiments 2007. 
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Table 16. Relative expression of ß-(1, 3)-glucanase in sorghum leaves in greenhouse 
experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170+ CL 
SC170+ CL+FT 
SC170+ Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
5.09 ± 0.33 
66.62 ± 6.83 
1.38 ± 0.14 
1.00 ± 0.14 
8.22 ± 1.90  
11.12 ± 2.01 
5.36 ± 0.77 
5.74 ± 0.70 
1.54 ± 0.47 
8.78 ± 1.21 
12.93 ± 4.30 
2.25 ± 0.21 
7.29 ± 3.29 
4.45 ± 1.04 
51.09 ± 16.52 
3.35 ± 0.98 
 
Table 17. Relative expression of ß-(1, 3)-glucanase in sorghum glumes in greenhouse 
experiments 2007. 
 
Sample name Relative expression 
RTx430+ CL 
RTx430+ CL+FT 
RTx430+ Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
1.00 ± 0.12 
24.59 ± 1.44 
6.87 ± 0.49 
34.10 ± 2.08 
20.21 ± 5.80 
8.47 ± 0.89 
6.19 ± 0.30 
13.72 ± 1.58 
18.39 ± 1.83 
21.58 ± 2.58 
1.28 ± 0.13 
58.32 ± 5.69 
37.89 ± 4.19 
22.02 ± 2.31 
3.16 ± 0.39 
58.28 ± 7.97 
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Chitinase  
The results of real-time PCR in greenhouse experimentation for the expression of 
chitinase II and chitinase I were obtained in sorghum glumes and spikelets, respectively. 
No consistent pattern of induction was seen in glumes for chitinase II.  While 
most measurements were near background levels, high expression was seen on control 
plants of the moderately susceptible cultivar SC170 inoculated with water (79.2). In 
general, the resistant cultivars Tx2911 and Sureno did not express a high level of defense 
for this protein (Fig. 11 Table 18).  Since there are multiple chitinase genes in plants, it 
seems unlikely that the mRNA being measured with this pair of primers is derived from 
the chitinase(s) that show defense response induction on Northern blots (Cui, 1995, 
Little, 2002). 
In spikelets, with chitinase I, the moderately susceptible cultivar SC170 
inoculated with F. thapsinum showed the greatest expression of defense response (33.4) 
followed by Sureno inoculated with C. lunata  (2.3) while the lowest expression was 
observed in Tx2911 water control  (1.0), Tx2911 inoculated with F. thapsinum (1.5), 
Sureno control plants (1.6) and SC170 control (1.7). The cultivar SC170 inoculated with 
the mixture C. lunata and F. thapsinum (11.0) and C. lunata (10.7) showed a moderate 
level of expression. The susceptible cultivar RTx430 inoculated with C. lunata showed a 
moderate level (15.6) and was low in plants inoculated with F. thapsinum (2.5) and 
control (1.4). The resistant cultivar Tx2911 has generally a low expression in plants 
inoculated with C. lunata (3.8), the mixture (5.0) and F. thapsinum and control. Sureno 
had high expression in plants inoculated with C. lunata (23) but lower expression for 
mixture inoculated (7.4), F. thapsinum (5.9) and control plants (1.6). In general the level 
of expression of chitinase was lower in resistant cultivars than in susceptible (Fig.12 and 
Table 19). 
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Fig. 11. Histogram of expression of chitinase II in sorghum   Fig. 12. Histogram of expression of chitinase I 
glumes in greenhouse experiments 2007.    in sorghum spikelets in greenhouse experiments 2007.
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Table 18. Relative expression of chitinase II in sorghum glumes in greenhouse 
experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL +FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170  + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno +Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
10.46 ± 0.54 
4.01 ± 0.79 
10.05 ± 2.39 
20.03 ± 3.06 
5.92 ± 0.87 
8.00 ± 1.32  
79.23 ± 13.47 
34.53 ± 4.07 
10.80 ± 1.01 
8.73 ± 2.11 
7.63 ± 0.13 
8.00 ± 0.44 
2.26 ± 0.40 
1.00 ± 0.22 
4.08 ± 0.12 
1.00 ± 0.15 
 
Table 19. Relative expression of chitinase I in sorghum spikelets in greenhouse 
experiments 2007. 
 
Sample name Relative expression 
RTx430+CL 
RTx430+CL+FT 
RTx430+Control 
RTx430 +FT 
SC170+CL 
SC170+CL+FT 
SC170+ Control 
SC170  +FT 
Sureno + CL 
Sureno + CL+FT 
Sureno +Control 
Sureno +FT 
Tx2911+CL 
Tx2911+CL+FT 
Tx2911+Control 
Tx2911 +FT 
15.60 ± 2.52 
5.86 ± 0.39 
1.44 ± 0.15 
2.49 ± 0.36 
10.66 ± 1.42 
11.00 ± 0.95 
1.71 ± 0.38 
33.45 ± 7.25 
22.99 ± 3.35 
7.40 ± 0.74 
1.62 ± 0.12 
5.91 ± 0.52 
3.82 ± 0.40 
5.00 ± 0.80 
1.00 ± 0.15 
1.51 ± 0.17 
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Thaumatin 
In sorghum glumes, thaumatin had the highest level of expression in the 
susceptible cultivar RTx430 inoculated with C. lunata (11.5) followed by Sureno 
inoculated with F. thapsinum and the lowest expression was observed on resistant 
cultivar Tx2911 inoculated with C. lunata (1.0), and the SC170 control (1.7). Sureno had 
its highest expression on F. thapsinum inoculated plants (8.0) and lowest on control 
(4.3). The resistant cultivar Tx2911 overall showed low expression for this mRNA  with 
4.6 in F .thapsinum inoculated plants, 2.6 with C. lunata and F. thapsinum plants, 1.0 in 
C. lunata inoculated and 3.2 on control plants. In general the expression of this gene was 
low and essentially was constitutive in the glumes (Fig. 13 and Table 20).  Thaumatin is 
generally considered to act as a defense protein stored in the seed, although it has been 
shown to be induced by green bug feeding (Zhu-Salzman et al, 2004). 
In gynoecia, the expression of thaumatin was mostly higher in susceptible and 
moderately susceptible cultivars (RTx430 and SC170). The greatest expression was seen 
on RTx430 inoculated with C. lunata (1.8), the mixture C. lunata and F. thapsinum 
(17.6 and control plant (17.9) and a moderately susceptible cultivar inoculated with the 
mixture C. lunata and F. thapsinum (16.4) and F. thapsinum (15.7).  
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The lowest mRNA level were observed on the resistant cultivars; Sureno values 
were 1.8 or less for all treatments and for  Tx2911 the values were 1.5 for C. lunata 
inoculated, 2.1 for the mixture C. lunata and F. thapsinum, and 3.5 for control plants. 
In general, the expression of thaumatin was lower in resistant cultivars Sureno 
and Tx2911 after inoculation with the grain mold pathogen but it was higher in 
susceptible cultivars RTx430 and SC170 (Fig.14 and Table 21). This observation 
suggests that it may be possible to achieve transgressive segregation for enhanced 
resistance from crosses between these resistant and susceptible cultivars.  
In sorghum spikelets, the greatest expression of thaumatin was seen on the 
moderately susceptible cultivar SC170 (10.5) followed by RTx430 inoculated with the 
mixture (9.8) and SC170 inoculated with F. thapsinum (8.0, high SD of 6.6) and the 
lowest on SC170 control (1.0) and Sureno control (1.4). Sureno inoculated with C. 
lunata showed low expression (6.5), and even lower with F. thapsinum (4.1) and the 
mixture (2.4).  Similar values were obtained for resistant cultivarTx2911 inoculated with 
\C. lunata (4.9), F. thapsinum (4.1) the mixture C. lunata and F. thapsinum (3.7) and the 
control (2.2). Overall the resistant cultivars did not show high level of expression (Fig. 
15 and Table 22) and compared to several other genes, the level of thaumatin mRNA 
was low. 
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Fig.13. Histogram of expression of thaumatin in sorghum       Fig.14.  Histogram of expression of thaumatin in  
glumes in greenhouse experiments 2007.        sorghum gynoecia in greenhouse experiments 2007. 
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Table 20. Relative expression of thaumatin in sorghum glumes in greenhouse 
experiments 2007. 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911 + Control 
Tx2911 + FT 
11.51 ± 1.98 
1.86 ± 0.26 
4.31± 0.27 
4.39 ± 0.85 
2.94 ± 0.24 
4.04 ± 1.26 
1.71 ± 0.57 
3.19 ± 0.27 
3.07 ± 0.37 
2.33 ± 0.13 
4.65 ± 0.38 
7.98 ± 0.81 
1.00 ± 0.06 
2.63 ± 0.65 
3.21 ± 0.38 
4.58 ± 0.33 
 
Table 21. Relative expression of thaumatin in sorghum gynoecia in greenhouse 
experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
17.96 ± 2.04 
17.65 ± 0.91 
17.88 ± 1.95 
14.24 ± 40.1 
3.87± 1.00 
16.36 ± 5.22 
5.41 ± 0.49 
15.74 ± 1.91 
1.84 ± 0.25 
1.60 ± 0.40 
2.38 ± 0.20 
1.00 ± 0.04 
1.50 ± 0.21 
2.08 ± 0.19 
3.56 ± 0.36 
3.46 ± 0.21 
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Fig 15. Histogram of expression of thaumatin in sorghum spikelets in greenhouse 
experiments 2007. 
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Table 22. Relative expression of thaumatin in sorghum spikelets in greenhouse 
experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
4.76 ± 0.28 
9.84 ± 0.66  
4.97 ± 0.05 
3.87 ± 0.20 
10.49 ± 0.96 
7.76 ± 0.57 
1.00 ± 0.06 
8.00 ± 6.64 
6.54 ± 0.62 
2.40 ± 0.16 
1.43 ± 0.06 
4.06 ± 0.32 
4.89 ± 0.23 
3.72 ± 0.31 
2.17 ± 0.09 
7.51 ± 0.62 
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PALrtF3-rtR3 
The results obtained from PALrtF3-rtR3 in sorghum gynoecia indicated that this 
gene was expressed at a very high level. The greatest expression of this gene was seen 
on the resistant cultivars Sureno inoculated with C. lunata (414.7) and Tx2911 
inoculated with the mixture of C. lunata and F. thapsinum (357.0) while the lowest 
expression was observed on the susceptible cultivar RTx430 inoculated with C. lunata 
(1.0). In Tx2911 the level of expression was also high in plants inoculated with C. lunata 
(88.6) and moderate on control plants (51.1) and plants inoculated with F. thapsinum 
(46.8). With Sureno, the expression was also high in plants inoculated with F. thapsinum 
(102.8), moderate in plants inoculated with the mixture (53.8) and low in control non 
inoculated plants (35.8). In the moderately susceptible cultivar SC170, the greatest 
expression was seen on the control plant non-inoculated (85.7) and low on plants 
inoculated with C. lunata (17.3), F thapsinum (17.2) or the mixture (18.2). For the 
susceptible cultivar RTx430 the expression was generally low with the greatest in plants 
inoculated with F. thapsinum (21.1), the mixture (20.4) and the control 99.5). Overall, 
the highest expression of this gene was observed on the two resistant cultivars Sureno 
and Tx2911 (Fig.16 and Table 23). As for most defense response genes, PAL is a 
member of a multi-gene family. Based on the extreme increases in mRNA levels 
detected for two treatments, it seems likely that the primer pair is detecting a PAL that is 
activated in the resistant cultivars.  Expression of PAL was not tested on the glumes, the 
spikelets and the leaves but these tests need to be done. 
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Fig. 16.  Histogram of expression of PAL rtF3 and PAL rtR3 in sorghum 
gynoecia in greenhouse experiments 2007. 
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Table 23. Relative expression of PALrtF3 and PAL rtR3 in sorghum gynoecia in 
greenhouse experiments 2007. 
 
Sample name Relative expression 
RTx430+ CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170  + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911 + Control 
Tx2911 + FT 
1.00 ± 0.18 
20.43 ± 1.16 
9.46 ± 1.09 
21.06 ± 2.08 
17.26 ± 0.65 
18.22 ± 0.90 
85.68 ± 3.68 
17.24 ± 0.84 
414.72 ± 46.93 
53.78 ± 2.84 
35.75 ± 1.59 
102.82 ± 5.38 
88.58 ± 7.62 
357.05 ± 41.85 
51.12 ± 2.09 
46.78 ± 2.44 
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Apop rtF1-rtR1 
Expression of this gene that has high homology to a rice gene that functions 
during apoptosis has been tested in greenhouse experiments on sorghum glumes and 
gynoecia.  Apoptosis or natural cell death is thought to be primarily involved in the 
hypersensitive response (HR) where cell death limits spread of a biotrophic pathogen. In 
glumes, the results obtained showed the greatest level of expression of Apop in the 
resistant cultivar Tx2911 inoculated with C. lunata (53.4) followed by the moderate 
SC170 inoculated with the same pathogen while the lowest expressions were seen on 
SC170 control (1.0). In Sureno, the expression was generally low with a value of 13.5 in 
plants inoculated with the mixture, 1.6 on plants inoculated with C. lunata, 1.4 in a plant 
inoculated with F. thapsinum and 7.0 in the control. For the susceptible cultivar RTx430, 
the greatest expression was seen on plants inoculated with C. lunata. (19.14), control 
plant has 14.1, the plant inoculated with F thapsinum had 3.15 and the mixture 
inoculated had 1.69. In Tx2911, the other treatments had 1.7 for the mixture inoculated, 
1.4 for F. thapsinum and 2.8 for control plants. The differences imply that C. lunata 
(Fig.17and Table 24) triggers a greater HR-like response than F. thapsinum.   
In gynoecia, like in glumes, the highest expression of Apop was obtained in the 
resistant cultivar Tx2911 inoculated with C. lunata (24.0) and the lowest expression was 
on the control of the susceptible cultivar (1.0) (Fig.18 and Table 25   However the fact 
that control plants were not typically lower in expression than treated plants suggests 
that the activity seen is not a consequence of any type of HR response, but perhaps part 
of the normal seed differentiation process (black layer formation for example).  
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Fig. 17. Histogram of expression of ApopRT-rtF1and    Fig. 18.  Histogram of expression of ApopRT-rtF1 and  
ApopRT-rtR1 in sorghum glumes in greenhouse      and ApopRT-rtF1 in sorghum gynoecia in in greenhouse 
experiments 2007.         experiments 2007.      
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Table 24. Relative expression of ApopRT-rtF1and ApopRT-rtR1 in sorghum glumes in 
greenhouse experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911 + Control 
Tx2911 + FT 
19.14 ± 2.13 
1.69 ± 0.09 
14.08 ± 2.04 
3.15 ± 0.25 
23.66 ± 2.35 
7.76 ± 0.36 
1.00 ± 0.09 
1.40 ± 0.05 
1.57 ± 0.26 
13.53 ± 1.06 
6.96 ± 0.13 
2.78 ± 0.06 
53.37 ± 5.92 
1.69 ± 0.29 
2.77 ± 0.14 
1.45 ± 0.53 
 
Table 25. Relative expression of ApopRT-rtF1and ApopRT-rtR1 in sorghum gynoecia in 
greenhouse experiments 2007. 
  
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911 + Control 
Tx2911 + FT 
1.83 ± 0.12 
1.17 ± 0.06 
1.00 ± 0.09  
6.82 ± 0.41 
1.94 ± 0.07 
2.24 ± 0.08 
7.85 ± 0.31 
1.50 ± 0.10  
1.53 ± 0.07 
1.65 ± 0.08 
12.62 ± 0.41 
1.44 ± 0.32 
24.03 ± 2.37 
3.38 ± 0.28 
12.85 ± 0.36 
1.27± 1.27 
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Antifungal Proteins (AFP-rtF1 and AFP-rtR1) 
The results obtained from greenhouse experiments using mRNA extracted from 
glumes showed high levels of expression of this antifungal protein in the resistant 
cultivar Sureno.  This was true in both control and inoculated plants, especially when 
compared to the more susceptible cultivars.  Sureno inoculated with C. lunata had 180.5 
times the amount of mRNA detected in the susceptible cultivar RTx430 inoculated with 
the mixture of C. lunata and F. thapsinum (1.0). In Tx2911, the highest level of 
expression was observed in a plant inoculated with the mixture (48.1) followed by plants 
inoculated with F. thapsinum (22.4) and the lowest expressions were seen on plants 
inoculated with C. lunata (3.1) and a control plant inoculated with water (2.7).  In 
SC170, the expression was similar for all treatments with expression levels 17.5, 16.6, 
12.3 and 14.5 respectively for plants inoculated with C. lunata, F. thapsinum, the 
mixture and the control. Based on these observations, the ability to make AFP in glumes 
could be a factor for enhanced mold resistance in Sureno (Fig. 19, Table 26) 
In sorghum gynoecia, induced mRNA levels were erratic giving unusually high 
standard deviations and making meaningful comparisons suspect (Fig. 20 and Table 27). 
The results of leaves were similar so are not included. 
The level of expression of the AFP was similar in glumes for the resistant 
cultivar Sureno when the plants are inoculated with C. lunata and lower in the 
susceptible cultivars RTx430 when inoculated with the fungi or water. The resistant 
cultivar Tx2911 has high level of expression after inoculation with the mixture. 
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Table 26. Relative expression of AFP-RT- rtF1 and AFP-RT- rtR1 in sorghum glumes in 
greenhouse experiments 2007. 
 
Sample Relative expression 
RTx430 +CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
22.73 ± 12.13 
1.00 ± 0.45 
1.93 ± 0.77 
13.37 ± 1.96 
17.50 ± 6.76 
12.28 ± 4.64 
14.54 ± 4.26 
16.64 ± 5.63 
180.51± 45.60 
122.23 ± 20.73 
35.82 ± 14.29 
32.49 ± 7.01 
3.06 ± 1.57 
48.11 ± 9.67 
2.67 ± 1.23 
22.45 ± 11.67 
 
Table 27. Relative expression of AFP-RT- rtF1 and AFP-RT- rtR1 in sorghum gynoecia 
in greenhouse experiments 2007. 
 
Sample Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911 + Control 
Tx2911 + FT 
1.37 ± 3.40 
1.00 ± 1.66 
55.27 ± 36.08 
10.94 ± 8.32 
57.71 ± 100.04 
20.85 ± 30.09 
1.15 ± 1.83 
105.25 ± 108.10 
164.38 ± 72.40 
1.87 ± 1.01 
10.07 ± 5.36 
21.68 ± 11.03 
34.59 ± 40.80 
171.21 ± 162.09 
9.14 ± 13.45 
49.42 ± 69.31 
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Fig. 19. Histogram of expression of AFP-RT- rtF1 and         Fig. 20. Histogram of expression of AFP-RT- rtF1  
and AFP-RT- rtR1 in glumes in greenhouse          and AFP-RT-rtR1 in gynoecia  in greenhouse    
experiments 2007.                                                             experiments 2007. 
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Obtus 
 This sorghum gene did not show a high level of expression or induction in 
glumes. The greatest expression was seen on either susceptible cultivar or control plants 
inoculated with water.  Thus in glumes, RTx430, a susceptible cultivar showed the 
highest level of expression of Obtus in plants inoculated with F. thapsinum (9.0) 
followed by the control plant of SC170 (7.6) and the control plant of Sureno (4.6). The 
resistant cultivar Tx2911 showed a lower expression in the glumes with 2.0 in control 
water inoculated plants, 1.8 in the mixture, 1.2 with C. lunata and 1.0 with F. thapsinum. 
In Sureno, except for the control, the expression was lower in plants inoculated with C. 
lunata (3.4), F. thapsinum (2.0) or the mixture (1.6). The moderately susceptible cultivar 
did not show high expression in the glumes (Fig.21 and Table 28) 
In sorghum spikelets, Obtus greatest expression was seen in the moderately 
susceptible cultivar SC170 inoculated with F. thapsinum (12.2) and the lowest on 
RTx430 inoculated with C. lunata. For the resistant cultivar Tx2911, the expression was 
low with 4.2 for the control plants, 2.6 with C. lunata inoculated plants, 2.4 with the 
mixture and 1.8 with F. thapsinum inoculated plants. In Sureno, the expression was 6.3 
in C. lunata inoculated plants, 5.7 in F. thapsinum inoculated and 5.8 on control plants. 
The expression was also low in susceptible cultivar RTx430 with 3.9 in F. thapsinum 
inoculated plant, 2.5 on control plants inoculated with water and 1.3 in the mixture 
inoculated plants. In general, the level of expression was low like in the glumes and 
lower on resistant cultivar (Fig. 22 and Table 29). The results for leaves and gynoecia 
are not shown. 
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Fig. 21. Histogram of expression of Obtus-RT-rtF1 and Obtus-         Fig. 22. Histogram of expression of Obtus-RT-rtR1 and 
RT-rtR1 in sorghum glumes in greenhouse experiments 2007.           Obtus-RT-rtR1 in sorghum spikelets greenhouse 
             experiments 2007.                                                     
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Table 28. Relative expression of Obtus-RT-rtF1and Obtus-RT-rtR1 in sorghum 
glumes in greenhouse experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 +FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
2.98 ± 0.47 
1.52 ± 0.11 
1.70 ± 0.04 
9.01 ± 0.68 
2.15 ± 0.48 
3.00 ± 0.48 
7.60 ± 1.43 
4.21 ± 0.75 
3.37 ± 0.72 
1.64 ± 0.11 
4.58 ± 0.21 
1.97 ± 0.29 
1.16 ± 0.06 
1.85 ± 0.13 
1.98 ± 0.08 
1.00 ± 0.14 
 
Table 29. Relative expression of Obtus-RT-rtF1 and Obtus-RT-rtR1 in sorghum 
spikelets in greenhouse experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170+ CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911+ CL 
Tx2911+ CL+FT 
Tx2911+ Control 
Tx2911 + FT 
1.00 ± 0.11 
1.28 ± 0.07 
2.54 ± 0.08 
3.94 ± 0.35 
5.32 ± 0.40 
3.53 ± 0.16 
5.59 ± 0.79 
12.16 ± 2.26 
6.31 ± 0.55 
2.47 ± 0.47 
5.85 ± 0.17 
5.73 ± 0.46 
2.64 ± 0.06 
2.41 ± 0.17 
4.21 ± 0.43 
1.80 ± 0.24 
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Leucine Rich Repeats (LRR)  
In greenhouse experiments, the gene encoding this protein showed a very low 
level of expression in sorghum glumes, gynoecia and spikelets after inoculation with C. 
lunata, F. thapsinum or their mixture. In leaves, this mRNA was expressed at higher 
levels in resistant cultivars for one fungus compared to the other. Both Sureno inoculated 
with F. thapsinum (53.6) and Tx2911 inoculated with C. lunata (38.7) were significantly 
induced compared to the control water inoculated plants and low expression measured 
for SC170 control (1.0) and water inoculated Tx2911 (1.7). In Sureno, except for the 
plants inoculated with F. thapsinum, the expression was moderate in C. lunata 
inoculated plants (12.2), the control plants (14.3) and low in the mixture inoculated 
plants (3.3). In Tx2911, the expression was moderate in the mixture inoculated plants 
(11.1), F. thapsinum inoculated (7. 6) and low in the control (1.7).  In SC170, F. 
thapsinum inoculated plants had moderate expression with (12.3) and low in the mixture 
(4.9) and C. lunata inoculated plants (2.6). On the susceptible cultivar RTx430, only the 
mixture C. lunata and F. thapsinum inoculated plant had significantly greater expression 
(32.6) while the expression was moderate for C. lunata inoculated plant (13.0), the 
control plant (12.0) and F. thapsinum inoculated plant (5.21). In general, lower 
expression was seen on susceptible cultivars and control plants (Fig. 23 and Table 30). 
The expression of LRR in sorghum may be important in seedling leaves of the 
resistant cultivars Sureno based on the level of induction seen 36 hours after inoculation 
with F. thapsinum and Tx2911 after inoculation with C. lunata. LRR proteins are 
involved in signal transduction, where low levels of protein are expected and expression 
is highly regulated, so mRNA levels are expected to be transient in nature which could 
help explain the lack of consistency with single and dual inoculations.  
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Fig. 23.  Histogram of expression of LRR-RT-rtF1 and LRR-RT-rtR1 in sorghum leaves 
in greenhouse experiments 2007. 
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Table 30. Relative expression of LRR-rtF1 and LRR-rtR1 in sorghum leaves in 
greenhouse experiments 2007. 
 
Sample name Relative expression 
RTx430 + CL 
RTx430 + CL+FT 
RTx430 + Control 
RTx430 + FT 
SC170 + CL 
SC170 + CL+FT 
SC170 + Control 
SC170 + FT 
Sureno + CL 
Sureno + CL+FT 
Sureno + Control 
Sureno + FT 
Tx2911 + CL 
Tx2911 + CL+FT 
Tx2911 + Control 
Tx2911 + FT 
12.98 ± 0.81 
32.64 ± 1.89 
11.96 ± 3.77 
5.21 ± 0.36 
2.56 ± 0.22 
4.93 ± 0.52 
1.00 ± 0.11 
12.27 ± 1.37 
12.21 ± 1.03 
3.29 ± 0.28 
14.46 ± 1.18 
53.63 ± 4.59 
38.66 ± 4.00 
11.08 ± 0.92 
1.66 ± 0.29 
7.56 ± 2.74 
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Field Experimentation: 
Samples were collected in liquid nitrogen from thirteen sorghum cultivars forty 
eight hours after inoculation. Glumes and gynoecia were separated before RNA 
extraction.  Total RNA samples extracted from each tissue source from plants inoculated 
with a mixture of spores from, C. lunata and F. thapsinum and from water-inoculated 
control plants as described previously were used for RT-PCR.  The SAS program was 
used for the analysis of Ct value from the RT-PCR runs. The qBase computer program 
was used for the analysis of data obtained in –RT-PCR using a Cepheid Smart Cycler. 
Statistical Analysis Software (SAS) was used for analysis of variance (ANOVA) in 
order to identify statistically significant interactions in field plot data.   
 
Normalization Factor 
The results are presented as normalized data to emphasize relative differences 
between mRNA levels for beta-glucanase rtF1 and rtR1, chitinase II and PR-10 mRNA 
in sorghum glumes, and gynoecia. Actin mRNA levels were used to correct for 
differences in the amount of total mRNA in individual samples.   
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The greatest expression of defense response was measured on the cultivar SC103 
inoculated with the mixture of F. Thapsinum and C. lunata (7.9).  
A very low level expression on the control water inoculated plants characterized 
most of the thirteen lines used in this study (from 0.39 to 0.95). Some other cultivars like 
90EON-343, Sureno, SC414-12E, SC279 and Tx2911 revealed a moderate level of 
expression. 
 In general in most of the lines tested, the level of expression in plants inoculated 
with the mixture was significantly greater than in water inoculated control plants except 
for BTX399 (Fig. 24 and Table 31). 
For the housekeeping gene actin mRNA levels in glumes, there was a slight 
variation in the expression between the different genotypes except for SC748 inoculated 
with the mixture (9.5) and water (8.3) and RTx430 inoculated with mixture C. lunata 
and F. thapsinum (7.7) (Fig. 25 and  Table 32). For actin in gynoecia, the level of 
expression did not vary greatly except for the cultivars SC414-12 inoculated with the 
mixture C. lunata and F. thapsinum (9.510, BTx399 inoculated with water (7.86), 
Sureno inoculated with the mixture (6.8) and SC103 inoculated with water (6.7)(Fig. 26 
and Table 33).  If actin is in fact expressed at a constant constitutive level, these samples 
would indicate much greater efficiency of mRNA extraction or stability, but that would 
have predicted lower Ct values for the other rt-PCR reactions as well.   
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Table 31. Normalization factor for beta-glucanase in gynoecia, chitinase II in glumes, 
PR-10 in glumes and chitinase II in gynoecia 2006. 
 
Sample name Normalization Factor SD(NF) 
90EON343+ CL+FT 
90EON343+ Control 
BTx399+CL+FT 
BTx399 + Control 
BTx623+ CL+FT 
BTx623+ Control 
BTxARG-1+CL+FT 
BTxARG-1+ Control 
RTx430+ CL+FT 
RTx430+ control 
SC103-12E+ CL+FT 
SC103-12E+ Control 
SC279-14E+ CL+FT 
SC279-14E+ Control 
SC414-12E+ CL+FT 
SC414-12E+ Control 
SC650-11E(T)+ CL+FT 
SC650-11E(T)+ Control 
SC719-11E + CL+FT 
SC719-11E + Control 
SC748-5+ CL+FT 
SC748-5+ Control 
Sureno+ CL+FT 
Sureno + Control 
Tx2911+ CL+FT 
Tx2911 + Control 
3.75 
0.41 
1.50 
2.11 
2.95 
0.56 
1.19 
0.52 
1.08 
0.79 
7.94 
6.22 
3.82 
1.55 
4.31 
2.36 
1.76 
1.41 
1.70 
0.39 
2.24 
0.53 
4.26 
0.95 
3.16 
0.54 
0.46 
0.03 
0.17 
0.32 
0.23 
0.06 
0.39 
0.06 
0.42 
0.07 
2.05 
1.59 
0.71 
0.14 
0.44 
0.19 
0.85 
0.24 
0.40 
0.04 
0.82 
0.04 
0.65 
0.09 
0.56 
0.06 
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Table 32. Relative expression of actin in glumes in field inoculated plants. 
 
Cultivars Expression after inoculation 
with  CL+FT (± 1SD) 
 Expression in control 
(± 1SD) 
90EON-343 
BTx399 
BTx623 
BTxARG-1 
RTx430 
SC103-12E 
SC279-14E 
SC414-12E 
SC650-11E(T) 
SC719-14E 
SC748-5 
Sureno 
Tx2911 
2.04 ± 0.15 
1.73 ± 0.12 
2.90 ± 0.21 
4.50 ± 0.52 
7.70 ± 0.49 
3.06 ± 0.27 
3.51 ± 0.49 
1.00 ± 0.09 
1.77 ± 0.20 
2.18 ± 0.16 
9.51 ± 0.55 
1.40 ± 0.17 
3.96 ± 0.43 
5.81 ± 0.44 
1.21 ± 0.15 
2.80 ± 0.48 
5.09 ± 0.72 
2.29 ± 0.14 
1.41 ± 0.12 
2.32 ± 0.16 
4.09 ± 0.23 
1.82 ± 0.13 
2.28 ± 0.12 
8.29 ± 0.38 
2.56 ± 0.10 
1.96 ± 0.27 
AVERAGE 3.48 3.23 
 
 
Table 33. Relative expression of actin in gynoecia in field inoculated plants. 
 
Cultivars Expression after inoculation with  
CL+FT (± 1SD) 
Expression in control 
(± 1SD) 
90EON-343 
BTx399 
BTx623 
BTxARG-1 
RTx430 
SC103-12E 
SC279-14E 
SC414-12E 
SC650-11E(T) 
SC719-14E 
SC748-5 
Sureno 
Tx2911 
AVERAGE 
4.66 ± 0.19 
5.50 ± 0.38 
3.27 ± 0.19 
2.11 ± 0.30 
1.23 ± 0.17 
3.11 ± 0.19 
2.70 ± 0.64 
9.51 ± 0.84 
5.35 ± 0.42 
4.36 ± 0.17 
1.00 ± 0.11 
6.78 ± 0.71 
3.40 ± 0.25 
4.07 
1.63 ± 0.09 
7.86 ± 0.57 
3.39 ± 0.33 
1.86 ± 0.17 
4.15 ± 0.37 
6.70 ± 1.25 
4.09 ± 0.17 
2.32 ± 0.14 
5.23 ± 0.31 
4.17 ± 0.20 
1.15 ± 0.08 
3.71± 0.25 
4.84 ± 0.69 
3.97 
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Fig. 24. Normalization factor histogram in field experiments for beta-glucanase F1and R1 from gynoecia, PR-10 from glumes 
and chitinase II from both tissues 2006. 
 
R2 = 0.9859, base for exponential amplification = 1.7630, standard deviation = 0.0282.
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Fig. 25.  Histogram of expression of actin in glumes in field experiments 2006. 
 
R2 = 0.9711, base for exponential amplification = 1.620, Standard deviation = 0.0325. 
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Fig.26. Histogram of expression of actin in gynoecia in field experiments 2006. 
 
R2 = 0.9859, base for exponential amplification = 1.7630, standard deviation = 0.0282. 
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Beta-glucanase 
The results obtained from thirteen sorghum genotypes grown and inoculated in 
the field at anthesis with a mixture of C. lunata and F. thapsinum spores or water to 
serve as a control were analyzed using the Statistical Analysis Software (SAS) and 
qBase data management programs. Total RNA was extracted from glumes and gynoecia 
as described in previous experiments. The analysis of the Ct values using ANOVA 
showed a significant difference between genotypes inoculated with the mixture of the 
two pathogens for the expression of mRNA. The interaction of genotype by treatment 
was highly significant. Cultivar SC279-14E was statistically different from the cultivars 
SC748-5 and SC650-11(ET) (Table 34A).  The results from quantitative RT-PCR using 
paired beta glucanase primers indicated low level expression of this gene in sorghum 
gynoecia. The exception was an extremely high level of expression obtained on cultivar 
SC279-11E inoculated with the mixture C. lunata and F. thapsinum (102.0) while the 
lowest expression was seen on the cultivar SC650-11E (T) inoculated with water (1.0). 
Repeating the RT-PCR analysis for the very high sample indicates it would be 
worthwhile to further investigate the basis for the high level of glucanase activity seen in 
SC279-11E. All of the remaining cultivars used in this study showed relatively low 
levels of glucanase mRNA in gynoecia tissues, whether or not the florets were exposed 
to grain mold-inducing pathogens. Overall, there was a 3.6 fold increase in expression of 
beta-glucanase in plants inoculated with the mixture C lunata and F. thapsinum than in 
water inoculated plants (Fig. 25 and Table 35).   The ANOVA figures are presented in 
Table 34B. 
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Table 34A. Ct value of β-glucanase expression in sorghum gynoecia in field experiments 
2006.  
 
Cultivars C. lunata + F. thapsinum control 
Tx2911 
RTx430 
SC748-5 
BTx623 
Sureno 
BTxARG 
90EON343 
SC279-14E 
SC103-12E 
BTx399 
SC719-11E 
SC414-12E 
SC650-11E(T) 
25.44  d 
26.48  bc 
27.82  a 
27.15  ab 
23.60  g 
27.04  abc 
25.11  de 
22.51  h 
24.04  fg 
24.61  ef 
26.34  c 
24.16  fg 
27.41  a 
25.09  d 
25.14  fg 
28.03  a 
26.70  bc 
24.11  fg 
27.04  b 
26.13  c 
27.00  b 
23.99  g 
24.68  def 
24.92  de 
24.46  efg 
26.59 bc 
 
Table 34B. ANOVA of Ct value for β-glucanase in sorghum gynoecia (P = 0.05). 
Source DF Anova SS Mean Square F Value Pr > F 
Genotypes 
Rep 
Treat 
Geno*rep 
Geno*treat 
12 
1 
1 
11 
12 
163.50 
6.38 
2.03 
5.38 
31.44 
13.62 
6.38 
2.03 
0.44 
2.62 
26.01 
12.19 
3.88 
0.86 
5.00 
<.0001 
0.0004 
0.0705 
0.6028 
0.0036 
 
Table 35. Relative expression of β-glucanase in sorghum gynoecia in field experiments 
2006.  
Cultivars Expression after inoculation 
with  CL+FT (± 1SD) 
Expression in control 
(± 1SD) 
90EON-343 
BTx399 
BTx623 
BTxARG-1 
RTx430 
SC103-12E 
SC279-14E 
SC414-12E 
SC650-11E(T) 
SC719-14E 
SC748-5 
Sureno 
Tx2911 
AVERAGE 
6.35 ± 2.22 
5.73 ± 2.39 
5.03 ± 0.61 
6.97 ± 2.19 
3.99 ± 1.33 
6.49 ± 0.97 
102.00 ± 14.85 
4.65 ± 0.37 
1.08 ± 0.22 
2.83 ± 1.23 
4.63 ± 0.29 
9.78 ±1.06 
11.67 ± 4.63 
13.67 
4.74 ±1.38 
2.97 ± 0.27 
7.27 ± 0.68 
2.90 ±1.22 
1.75 ± 0.09 
7.68 ±1.07 
1.66 ± 0.38 
3.80 ± 0.54 
1.00 ± 0.09 
5.70 ± 0.46 
1.08 ± 0.09 
7.06 ±1.23 
1.87 ± 0.37 
3.80 
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Fig. 27. Histogram of expression of β-glucanase rtF1 and rtR1 in sorghum gynoecia in field experiments 2006. 
R2 = 0.9859, base for exponential amplification = 1.7630, standard deviation = 0.0282.
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Chitinase II 
In field experimentation, chitinase II showed high levels of expression in 
sorghum glumes that in almost every case was induced to even higher levels after 
inoculation with the mixture of C. lunata and F. thapsinum spores (Table 39). Statistical 
analysis (ANOVA) of the Ct value showed there was a significant difference between 
genotypes for the expression of mRNA in inoculated plants (Table 37) but the 
interaction of genotypes by treatments was not significant (P = 0.05). The qBase analysis 
showed that the greatest enhancement of expression for this pair of primers was 
observed on the cultivar SC748-5 inoculated with the mixture C. lunata and F. 
thapsinum with a value of 10734.7 versus 953.8 for water inoculated plants while the 
lowest level of expression was seen on cultivar SC414 -12E control plant inoculated 
with water (1.0). Some other cultivars showing high levels of relative expression for 
defense response were Tx2911 (2284.2 versus 12.2), BTxARG (1428.2 versus 109.5) 
RTx430 (1289.4 versus 48.9) and BTx623 (780.09 versus 752.21) respectively for 
inoculation with mixture of C lunata and F. thapsinum and water inoculated plants. The 
level of expression in water inoculated plants was lower compared to those inoculated in 
all the cultivars in this study with a huge difference except for some cultivars like 
90EON-343, SC103-14E and SC414-12E respectively inoculated with a mixture of C. 
lunata and F. thapsinum versus water. The two selected cultivars known as resistant 
(Sureno and Tx2911) showed high levels of expression in inoculated plants but an 
exceptionally high level of chitinase expression was found on the anthracnose resistant 
cultivar SC748-5.  Considering the extreme level of expression of this gene from the 
analysis of these results, a confirmation is necessary (Fig. 26 and Table 38).   
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In sorghum gynoecia, the expression of chitinase II was also important in field 
experiments.  The statistical analysis (ANOVA) of the Ct values obtained using RT-PCR 
showed that there was a significant difference between genotypes inoculated with the 
mixture of C. lunata and F. thapsinum and also in control plants for the expression of 
mRNA (Table 37A). The interaction of genotypes by treatments was also significant 
(Table 37B) (P= 0.05). The greatest level of expression when using qBase analysis was 
seen on the cultivar SC279-14E inoculated with the mixture (114.6), while the lowest 
expression was observed on the cultivar SC719-11E inoculated with water (1.0). Some 
other cultivars inoculated with the mixture showed high levels of expression (SC103-
12E (77.6), Tx2911 (75.5), BTx623 (60.2), Sureno (52.2) and 90EON343 (51.1). The 
cultivar SC748-5 did not show a high expression in gynoecia for this primer set.  In the 
cultivars, the level of expression in control plants inoculated with water was lower than 
plants inoculated with the mixture. This result showed that chitinase II is expressed at 
high level in sorghum gynoecia after inoculation with a mixture of C. lunata and F. 
thapsinum in field conditions (Fig. 27and Table 39). Overall, there was 8.4 times more 
chitinase mRNA in glumes of plants inoculated with the mixture C. lunata and F. 
thapsinum than in water inoculated plants, and 3.4 times more expression in gynoecia 
(Tables 38 and  39). 
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 Table 36. Ct value of chitinase II expression in sorghum glumes in field experiments 
2006. 
 
Cultivars C. Lunata + F. thapsinum Control 
Tx2911 
RTx430 
SC748-5 
BTx623 
Sureno 
BTxARG 
90EON343 
SC279-14E 
SC103-12E 
BTx399 
SC719-11E 
SC414-12E 
SC650-11E(T) 
21.71 cde 
21.28 cdef 
19.98  f 
21.11 def 
22.53 bcd 
21.75 cde 
23.80 ab 
22.93 abc 
20.37 ef 
24.42 a 
22.30 bcd 
21.97 cde 
20.55 ef 
25.10 a 
23.96 ab 
22.65 abcd 
23.73 ab 
23.06 abcd 
22.27 bcd 
23.11 abc 
22.61 abcd 
20.97 cd 
20.44 d 
25.09 a 
23.46 abc 
23.46 abc 
 
Table 37A. Ct value of chitinase II expression in sorghum gynoecia in field experiments 
2006.  
 
Cultivars C. Lunata +F. thapsinum Control 
Tx2911 
RTx430 
SC748-5 
BTx623 
Sureno 
BTxARG 
90EON343 
SC279-14E 
SC103-12E 
BTx399 
SC719-11E 
SC414-12E 
SC650-11E(T) 
22.78 dc 
25.89 a 
26.89 a 
22.61 dc 
21.46 de 
25.72 a 
21.76 de 
23.76 bc 
20.11 e 
22.55 dc 
25.32 ab 
21.09 de 
23.61 bc 
24.78 b 
22.85 cde 
26.55 a 
23.02 cde 
22.01 def 
26.54 a 
24.19 bc 
22.66 de 
21.04 f 
22.91 cde 
27.09 a 
23.23 cd 
21.84 ef 
 
Table 37B. ANOVA of Ct values for chitinase II in gynoecia.  
 
Source DF Anova SS Mean Square F Value Pr > F 
Genotypes 
Rep 
Treat 
Geno*rep 
Geno*treat 
12 
1 
1 
11 
12 
163.50 
8.46 
2.03 
4.61 
31.44 
13.62 
8.46 
2.03 
0.41 
2.62 
34.72 
21.58 
5.18 
1.07 
6.68 
<.0001 
0.0004 
0.0391 
0.445 
0.0006 
 (P = 0.05). 
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Fig. 28. Histogram of expression of chitinase II in sorghum glumes in field experiments 2006. 
R2 = 0.9675, base for exponential amplification 1.6474, Standard deviation = 0.0355. 
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Fig. 29. Histogram of expression of chitinase II in sorghum gynoecia in field experiments 2006.  
R2 = 0.9859, base for exponential amplification = 1.7360, Standard deviation = 0.082.
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Table 38. Relative expression of chitinase II in glumes of sorghum cultivars inoculated 
with CL+FT and control water inoculated in field experiments 2006. 
 
Cultivars Expression after inoculation 
with  CL+FT (± 1SD) 
Expression in control 
(± 1SD) 
90EON-343 
BTx399 
BTx623 
BTxARG-1 
RTx430 
SC103-12E 
SC279-14E 
SC414-12E 
SC650-11E(T) 
SC719-14E 
SC748-5 
Sureno 
Tx2911 
AVERAGE 
30.80 ± 69.76 
780.09 ± 53.10 
25.37± 23.03 
1428.22 ± 433.26 
1289.41 ± 41.00 
9.30 ± 0.71 
223.63 ± 145.80 
1.00 ± 0.13 
279.17 ± 471.18 
4.66 ±1.04 
10734.74 ± 4140.78 
758.76  ±169.50 
2284.24 ± 576.08 
1373.63 
105.42 ± 66.78 
752.21 ± 93.87 
10.66 ±1.03 
109.51±10.68 
48.92 ± 9.12 
25.28 ± 38.34 
8.01 ±12.98 
24.50 ± 9.29 
1.19 ±1.15 
1.80 ± 0.99 
953.77 ± 235.09 
62.79 ± 27.78 
12.19 ± 22.60 
162.78 
 
 
Table 39. Relative expression chitinase II in gynoecia of sorghum cultivars inoculated 
with CL+FT and control water inoculated field experiments 2006. 
 
Cultivars Expression after inoculation 
with  CL+FT (± 1SD) 
Expression in control 
(± 1SD) 
90EON-343 
BTx399 
BTx623 
BTxARG-1 
RTx430 
SC103-12E 
SC279-14E 
SC414-12E 
SC650-11E(T) 
SC719-14E 
SC748-5 
Sureno 
Tx2911 
51.09 ± 11.04 
60.23 ± 9.53 
16.50 ± 6.29 
13.69 ± 6.02 
4.72 ± 1.50 
77.57 ± 28.24 
114.56 ± 14.18 
39.12 ± 13.76 
11.91 ± 3.57 
7.83 ± 0.28 
4.72 ± 1.38 
52.25 ± 5.37 
75.45 ± 30.40 
7.86 ± 0.37 
4.50 ± 8.68 
12.77 ± 0.77 
1.29 ± 0.15 
5.74 ± 1.39 
46.68 ± 11.65 
26.30 ± 5.93 
9.88 ± 2.78 
21.15 ± 2.01 
1.00 ± 0.28 
2.37 ± 0.21 
16.14 ± 0.77 
1.82 ± 0.82 
AVERAGE 40.76 12.11 
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PR-10  
In field experimentation, the results obtained from RT-PCR showed high level 
expression of PR-10 in sorghum glumes.  The statistical analysis of Ct value showed that 
there was a significant difference (p = 0.05) between different cultivars inoculated with 
the mixture of C. lunata and F. thapsinum (Table 40) but the interaction of genotypes by 
treatments was not significant. A very high level of expression of this gene was observed 
on the cultivar SC748-5 inoculated with the mixture of C. lunata and F. thapsinum with 
an exceptional value of 1401 times more than the lowest expression seen on RTx430 
inoculated with water (1.0).  With the exception of three cultivars BTx399, SC414-12E 
and SC103-12E, the level of expression in plants inoculated with the mixture is higher 
than those inoculated with water. There was a large difference of PR-10 gene expression 
between the mixture C. lunata and F. thapsinum and water inoculated control plants in 
most of the cultivars like Tx2911 (374.8 versus 2.1), BTx623 (168. versus 18.6), 
BTxARG (178.8 versus 45.3), SC748-5 (1401.2 versus 202.2) SC650-11E(T) (77.8  
versus 3.0) and 90EON343 (29.2 versus 2.6).  The cultivars that showed a greater 
expression in water inoculated plants than in mixture inoculated plant were BTx399 
(2.37 versus 13.90), SC414-12E (5.39 versus 6.42) and SC103-12E (47.34 versus 55.42). 
The results from RT-PCR indicated that the inoculation of some sorghum genotypes 
with the mixture of C. lunata and F. thapsinum can cause the expression at a high level 
of PR-10 genes in field conditions (Fig. 30 and Table 41).  It seems that among sorghum 
cultivars tested, SC748-5, a resistant line to sorghum anthracnose produced the highest 
level of PR-10 in response to infection to grain mold pathogens.  Overall, for plants 
inoculated with the mixture of C. lunata and F. thapsinum spores, PR10 mRNA was 
expressed 5.95 times more than the water inoculated plants. PR10 also showed a higher 
level of expression in glumes in the greenhouse experiments. The cultivar SC748-5 
exhibited the maximum defense response among these cultivars by producing the highest 
level of expression for this mRNA. Some other known resistant cultivars like Tx2911 
and Sureno also showed significant induction of the defense response.  
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Table 40. Ct value of PR10 expression in sorghum glumes in field experiments 2006.  
 
Cultivars C. Lunata + F. thapsinum Control 
Tx2911 
RTx430 
SC748-5 
BTx623 
Sureno 
BTxARG 
90EON343 
SC279-14E 
SC103-12E 
BTx399 
SC719-11E 
SC414-12E 
SC650-11E(T) 
19.73  cde 
21.94  ab 
18.18  e 
19.62  de 
21.80  abc 
20.51  bcd 
21.05  bcd 
20.73  bcd 
19.32  de 
23.85  a 
21.35  bcd 
22.10  ab 
21.15  abc 
23.05  abcd 
23.87  abc 
19.32  g 
22.87  bcd 
25.03  a 
21.23  defg 
24.31  ab 
20.16  fg 
19.29  g 
21.85  cdef 
22.20  cdef 
22.35  bcde 
20.61  efg 
(P =0.05) 
 
Table 41. Relative expression of PR10 in glumes of sorghum cultivars inoculated with 
CL+FT and water control field experiments 2006. 
 
Cultivars Expression after inoculation 
with  CL+FT (± 1SD) 
Expression in control 
(± 1SD) 
90EON-343 
BTx399 
BTx623 
BTxARG-1 
RTx430 
SC103-12E 
SC279-14E 
SC414-12E 
SC650-11E(T) 
SC719-14E 
SC748-5 
Sureno 
Tx2911 
AVERAGE 
29.19± 8.25 
168.31±34.51 
2.37 ± 0.62 
178.83 ± 63.22 
25.85 ± 9.82 
47.34 ± 4.49 
97.17 ±17.99 
5.40 ± 1.04 
77.84 ± 6.95 
46.12 ± 2.51 
1401.25 ± 188.18 
13.97 ± 0.97 
374.81 ± 37.77 
189.88 
2.57 ± 0.22 
18.60 ± 8.26 
13.90 ± 3.44 
45.33 ± 11.58 
1.00 ± 0.26 
55.42 ±1093 
52.70 ± 9.83 
6.42 ± 0.82 
2.96 ± 0.13 
10.46 ± 3.19 
202.25 ± 51.17 
1.03 ± 0.36 
2.08 ± 0.17 
31.90 
 
R2 = 0.9665, base for exponential amplification = 1.6609, Standard deviation = 0.0370. 
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Fig.30. Histogram of expression of PR-10 in sorghum glumes in field experiments 2006. 
 R2 = 0.9665, base fro exponential amplification = 1.6609, Standard deviation = 0.03.
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DISCUSSION 
 The primary objectives of the grain mold studies were to investigate the use of 
reverse transcriptase PCR as a tool for defining levels of specific messages, and if 
positive, to use the data obtained to identify specific defense-response pathways that 
may differ among cultivars.  Expression levels were compared for both glumes and 
gynoecia, since both could be important in preventing successful colonization.  While 
repeated measurements of the same sample were found to produce remarkably similar 
estimates for the levels of a specific mRNA, mRNAs in general are very fragile and 
subject to degradation by nucleases that can be released during extraction or introduced 
from fingers of the experimenter.  Even with collection in liquid nitrogen and storage in 
an ultra cold freezer, sample degradation can be a problem.  Thus, the levels of a 
message (actin) presumed to be present at approximately equal levels in all tissues was 
used to verify sample integrity and to normalize mRNA levels among samples. While 
there is no direct proof that actin mRNA levels remain constant in sorghum under stress 
conditions, the use of actin mRNA is generally accepted as a reasonable control.  In this 
study, differential responses seen among different mRNAs from the same sample often 
provided additional evidence that messages were not severely degraded.  All samples 
were treated with DNAse to remove DNA as a possible amplification target. For 2 genes 
(chitinase and actin) where sequence information was available from cDNA clones and 
from genomic sequences, one primer was made so that it would not bind in the presence 
of an intron, also eliminating DNA as a target.   
Expression of defense response genes following fungal infection leads to 
synthesis of a variety of protective proteins in sorghum and other plants. However, 
defense response genes are also activated by other stressful environmental conditions 
such as insects and drought. This might explain why in many cases, higher levels of 
overall expression were seen for both control and inoculated plants in mRNA extracts 
taken from field samples than in greenhouse conditions. 
The results from this study showed that PR-10 is rapidly induced once a sorghum 
plant has been infected by the grain mold pathogens. The reactions vary among sorghum 
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cultivars. The level of induced expression of this gene was especially high in the glumes. 
The expression was significantly higher in resistant cultivars inoculated with either of 
the pathogens or the mixture compared to the control plants or the susceptible cultivars. 
In gynoecia, the expression seems to be reversed and more expression was seen in 
susceptible cultivar and also on water inoculated plants. The increase in the water-
inoculated controls suggests that it is not simply a case of higher levels of fungal 
penetration into the female floral tissue in the susceptible cultivars than in the resistant 
cultivars.  In the spikelets, composed of glumes and gynoecia, the expression was 
variable but seemed to be greater on resistant cultivars inoculated than in susceptible and 
control plants.  This perhaps simply reflects the much higher levels of expression 
observed in the glumes. The constitutive expression of a pea PR10 gene in Brassica 
napus that enhances seed germination and growth in the presence of NaCl has been 
reported by Srivastava et al. (2004).  PR10 was able to protect seedlings of Brassica 
napus from salinity, which may have significance in the genetic engineering of water-
deficit stress tolerance in plants. The expression of pr-10 during kernel development 
increased fivefold between 7 and 22 days after pollination, and was induced upon A. 
flavus infection in the resistant but not in the susceptible genotype (Chen et al 2006).  In 
rice, a PR10 protein was first characterized as a probenazole-inducible protein (PBZ1). 
Hashimoto et al. (2004) found a protein, RSOsPR10, a novel rice PR10 protein that was 
induced by salt and drought stresses. The contribution of PR10 proteins to the overall 
mechanism of plant defense still remains unknown, but the higher levels of expression 
seen in glumes of the resistant cultivars suggests an active role in preventing fungal 
colonization and prevention of grain mold. 
Studies have reported that ß-(1,3) glucanase plays defensive roles against 
pathogens in several herbaceous plants (Meins et al. 1992; Simmons et al. 1992; 
Vogelsang and Barz 1993; Beerhues and Kombrink 1994). An increase in ß-(1,3) 
glucanase  has been reported following inoculation of soybean with the bacterial 
pathogen P. syringae pv glycinea (Cheong et al. 2000). The induction of PpGns1 gene in 
several peach genotypes and enhanced levels of mRNA transcripts of ß-(1,3) glucanase 
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in response to various peach pathogens and other elicitors has been reported by Zemanek 
et al. (2002). 
Constitutive expression of ß-(1,3) glucanase was seen in this study as was also 
observed by Little (2002) using less sensitive northern hybridization technology. 
However, evidence for pathogen-induced expression was also seen, especially in 
sorghum glumes, where the level of expression of ß-(1,3) glucanase was elevated in the 
two resistant cultivars Sureno and Tx2911, 48 hours after being inoculated with F. 
thapsinum. The control plants, mock inoculated with water showed lower expression. 
Expression was also constitutive in sorghum seedling leaves. However, expression was 
higher in the leaves of the susceptible cultivar RTx43036 hours post inoculation with the 
mixture of C. lunata and F. thapsinum and in the resistant cultivar Tx2911 when 
compared to samples from water inoculated plants. The expression was lower and 
constitutive in gynoecia and spikelets. 
The observation that ß-(1,3) glucanase was induced in sorghum glumes after 
infection at the time of anthesis by F. thapsinum but not with C. lunata or the mixture is 
of interest and should be further examined.  Overall the data show that developmental 
and environmental factors also must affect the expression of this protein.  Again, there 
are multiple β−(1,3) glucanases in the genome and it is possible that some cross 
amplification could occur to different levels in different cultivars if there are different 
nucleotide sequences among the various alleles.  The primers selected here match alleles 
in a sorghum EST library derived from BTx623.  The alleles were identified using a 
maize glucanase as the query in a BLAST search.  
Chitinases have been reported from several species of plants as two isoforms, 
acidic and basic. Both acidic and basic isoforms of chitinase have been shown to be 
induced in plants in response to pathogen attack and other environmental stimuli but are 
also expressed in certain tissues of plants during normal development (Bol et al. 1990, 
Boller 1988; Bowles 1990; Linthorst, 1990). The expression of chitinase I and II was 
measured in this study in sorghum glumes and spikelets. The expression in sorghum 
glumes was low and constitutive in greenhouse grown plants. The moderately 
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susceptible cultivar SC170 expressed the highest level of chitinase II mRNA after mock 
inoculation with water, again suggesting that factors other than the presence of fungal 
spores affect expression of this gene. In sorghum spikelets, the expression of chitinase 
was also low and constitutive. The moderately susceptible cultivar again showed the 
highest level of expression, and expression was lower in the resistant cultivars. The 
expression was low and constitutive in the gynoecia and in the leaves under all 
conditions (data not shown). The results from this study did not show strong expression 
of chitinase in sorghum glumes, gynoecia, spikelets or leaves. This result did not 
confirm the observation of increases in chitinase expression in the previous study by 
Little (2002). A potential explanation is that the specific chitinase mRNA being 
measured here is not induced as part of the defense response.  The hybridization 
technology used by Little (2002) would likely detect all members of the chitinase gene 
family that are expressed.  Thus despite the fact that the RT-PCR primers used in this 
study were designed to amplify a chitinase found in several EST libraries made from 
stressed sorghum plants (including leaf tissues infected with Colletotrichum 
graminicola) they may not be targeting a true defense-response chitinase, if present. .  
In addition to chitinase and ß-(1,3) glucanase, levels of the antifungal protein 
sormatin have been shown to increase during caryopsis development in sorghum and to 
peak at physiological maturity (Koushik et al., 1996). In mature seed, significant 
accumulations of chitinase and sormatin have been measured in susceptible cultivars 
when inoculated with F thapsinum or sprayed with water.   In Sureno, one of the 
resistant cultivars also used in this study, there was a decrease in chitinase content in 
plants inoculated with the fungi compared to water sprayed plants (Prom et al. 2005).  
However, in greenhouse experiments made in this study, sormatin was not expressed in 
sorghum glumes gynoecia or spikelets 48 hours after inoculation. As would be predicted 
based on its role as a seed storage protein, it was not expressed in leaves of young 
seedlings.  The combined results of these studies imply that developmental regulation 
and other environmental factors may be confounding factors in attempting to measure 
defense-gene responses at the time on anthesis.   
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The expression of thaumatin mRNA was overall lower than for other messages 
measured in sorghum glumes, gynoecia and spikelets in this study.  In sorghum glumes, 
Sureno had the highest expression. The expression was mostly constitutive. In gynoecia, 
the highest expression was seen in susceptible cultivar RTx430 and moderately 
susceptible cultivar SC170 and the lowest expression was observed in the two resistant 
cultivars Tx2911 and Sureno. In the spikelets the expression of thaumatin was low and 
constitutive. The expression was also lower in leaves of sorghum seedlings (data not 
shown). Proteins related to the sweet protein thaumatin form part of the PR response in 
tobacco and are induced by osmotic stress in other species where they are called 
osmotins or simply PR-5 proteins.  They also occur constitutively in cereals, with the 
best -characterized example being zeamatin of maize (Chandrashekar et al. 2000). The 
antifungal activity appears to be a general property of the thaumatin - related proteins, by 
causing osmotic effects on fungal membranes leading to excess permeability and 
electrolyte loss (Shewry and Lucas 1997).   Membrane active proteins that may belong 
to the thaumatin family have been reported in sorghum (Sunita et al. 1994). 
The expression of PAL (rtF3-rtR3) was high in the two resistant cultivars Sureno 
and Tx2911. In the sorghum gynoecia, the highest expression was seen on Sureno after 
inoculation with C. lunata and on Tx2911 when inoculated with the mixture with C. 
lunata and F. thapsinum. The expression was lower on all susceptible cultivars but 
expression was higher in gynoecia than glumes (data not shown). 
This study showed that the PAL is expressed at a higher level in the two resistant 
cultivars Sureno and Tx2911 after infection at the flowering stage by the fungi C. lunata 
and the mixture of C. lunata and F. thapsinum. This gene was expressed at lower levels 
in susceptible cultivar RTx430.  PAL induction has been linked to defence responses that 
involve phenylpropanoids in numerous diseases. Typically, accumulation of PAL activity 
and mRNA is more rapid, higher and longer lasting in incompatible plant–pathogen 
interactions (Cui et al. 1996).  In sorghum, PAL is required for the production of 
apigeninidin, a phenylpropanoid pathway compound with antifungal properties (i.e., a 
phytoalexin) (Nicholson et al. 1987). 
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The apoptosis related protein was expressed at high level in the sorghum glumes 
of the resistant cultivar Sureno after inoculation with C. lunata. The expression was 
lower in the remaining cultivars with the different treatments. Apoptosis or programmed 
cell death is an evolutionary conserved form of cell suicide that requires gene expression 
(Lam et al. 2001) and occurs in multicellular organisms throughout development as well 
as in response to biotic and abiotic stresses. It is also speculated to have a role in the 
hypersensitive response (HR reaction) often associated with resistance by preventing 
intercellular spread of specific pathogens.  In transgenic rice, over-expression of the 
OsPDCD5 gene induced programmed cell death (Attia et al. 2005). In plants, the 
programmed cell death is not nearly as well as defined as apoptosis is in animals, and the 
involvement of 14-3-3 proteins has yet to be shown. In plants, 14-3-3 proteins mainly 
regulate primary metabolism in contrast to animals where they function as regulators of 
signal transduction, synthesis of signal substance, etc. (Rosenquist 2003).   
In this study the apoptosis seemed not to be important in cell of sorghum seed 
(glumes or gynoecia). Thus, its role for defense for grain mold infection seems to be of 
minor importance as would be predicted since HR is more characteristic of single gene 
resistance, which is not the case for grain mold resistance.  
The result from this study showed that the expression of the gene encoding a 
protein referred to simply as “antifungal protein” (AFP) was high in the glumes of the 
resistant cultivar Sureno after inoculation with C. lunata and the mixture of C. lunata 
and F. thapsinum. The expression was lower on all susceptible cultivars. In the sorghum 
gynoecia, the expression was higher in resistant cultivars Sureno when inoculated with 
C. lunata and Tx2911 inoculated with C. lunata and F thapsinum.  The AFPs are 
potentially important in fungal inhibition in the field; however, field data has been 
unclear about the relationships of AFP and grain mold resistance (Waniska 2000). 
It has been shown in plants that obtusifoliol can act as a signalling molecule and 
move through the phloem (O'Brien et al. 2005). The treatment of plant Solanum 
chacoense with obtusifoliol induced the expression of the expression of the CYP51G1-
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Sc mRNA, suggesting a possible role of this transient biosynthetic intermediate as a 
bioactive signalling lipid molecule (O'Brien et al. 2005). 
In a report by Chapple (1998), when the obtusifoliol 14α-demethylase gene from 
sorghum was cloned, the deduced amino acid sequence of the enzyme was found to be 
32% and 36% identical to the lanosterol 14α-demethylases from yeast and rat, 
respectively. Because an obtusifoliol 14α-demethylase analog sequence was found in 
several stress-induced EST sorghum libraries available in GenBank, primers were made 
to determine if this gene might be induced on exposure to grain mold fungi.  Overall, 
very low mRNA levels were detected in glumes and gynoecia.  In this study the 
susceptible cultivar RTx430 showed the greatest level of expression in glumes after 
inoculation with F. thapsinum. In spikelets, the greatest was seen on moderately 
susceptible cultivar SC170 after inoculation with F. thapsinum. The expression in 
resistant cultivars was lower and constitutive. As a consequence, no real evidence for a 
role in protection against grain mold fungi was established.   
A characteristic of many of the disease resistance genes that have been cloned 
from several plant species is the presence of a leucine rich repeat region that can be 
involved in gene regulation by binding to the DNA double helix. A cDNA encoding a 
novel, leucine rich repeat motif from inoculated sorghum mesocotyls was isolated by 
Hipskind et al. (1996b). Since this cDNA could represent a gene that is a component in 
signal perception and subsequent activation of defense-related genes, primers were made 
to permit quantification of the mRNA.   The expression of leucine rich repeat (LRR) was 
mostly constitutive in sorghum leaves after inoculation of seedlings two weeks after 
planting.  The two resistant cultivars Sureno and RTx2911 showed the highest level of 
expression after inoculation with F. thapsinum and C. lunata respectively. The 
expression was lower for the remaining treatments for the different cultivars. While no 
specific role for the leucine rich repeat-containing genes can be confirmed, induction in 
the field did correlate with that expected for grain mold defense. However, similar 
responses were not seen in greenhouse plants (data not shown), suggesting the field data 
may represent exposure to different pathogens or insects.    
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When the overall levels of mRNAs for known defense-response mRNAs are 
considered, the different cultivars had different response to the primer set used. Some 
cultivars tended to produce consistently high level of expression to all of the genes tested 
in this study. These include SC748-5, SC279-14E, Tx2911 and Sureno. The greater level 
of response seen in these cultivars is in all likelihood a key factor in their classification 
as being grain mold resistant.  In addition, differences in response for specific genes 
measured among the lines suggest that it may be possible to combine factors for even 
greater resistance.  Finally, with the coming of genome sequence information, it may 
soon be possible to compare promoter elements and use them further to identify trans-
acting factors that promote disease defense responses in sorghum.  The results from this 
study showed that among the 13 cultivars used in field condition, SC748-5, an 
anthracnose resistant cultivar showed a very high level of expression for chitinase II and 
PR10 in the glumes after inoculation with the mixture of C. lunata and F. thapsinum. 
The second resistant cultivar Tx2911 showed also a high level of expression after 
inoculation with a mixture of fungal conidia compared to the control inoculated with 
water. In gynoecia, the cultivar SC279-14E had the highest level of expression of 
chitinase after inoculation with the fungal mixture.  
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CHAPTER III 
TAGGING AND MAPPING OF A SORGHUM ANTHRACNOSE 
RESISTANCE GENE 
INTRODUCTION 
Sorghum (Sorghum bicolor (L) Moench), the fifth most important crop in world 
commerce is a principal product and export of the United States. This cereal grain 
originated in Africa over 5000 years ago and is now grown throughout the semi-arid 
tropics and in some dry temperate regions of the world.  The major center of diversity 
for sorghum is located is Northeast Africa associated with the countries of Ethiopia and 
Sudan (Poehlman and Sleper 1995a; 1995b; Stemler et al. 1977). While it is a staple 
food for millions of people in India and Africa, livestock feeding accounts for most of 
the sorghum usage in the developed world.   In the United States, annually, the value of 
the sorghum crop is approximately $900 million, and it is planted on 3.5 to 4.0 million 
hectares of land in 24 states.  Kansas, Texas, Nebraska, and Oklahoma are the major 
producers of sorghum (Smith and Frederiksen 2000). 
Anthracnose is one of the most destructive diseases of sorghum and has been 
reported in most areas where sorghum is grown (Harris and Sowell 1970; Bergquist 
1973). The pathogen infects all aerial tissues of the sorghum plant, with the foliar phase 
displaying the most commonly observed symptom of the disease (Mathur and Thakur 
1997). Resulting yield losses have been reported as high as 50% in susceptible cultivars 
(Thomas et al., 1995). Several control strategies have been developed but employment of 
host plant resistance is generally regarded as the most effective disease control strategy 
(Rosenow and Frederiksen 1982). However, breeding for stable host plant resistance has 
been difficult in regions with endemic anthracnose because of the hypervariable nature 
of C. graminicola and limited understanding of the genetics of host/pathogen interaction 
(Pastor-Corrales and Frederiksen 1980; Guthrie et al. 1992). Conventional disease 
resistance breeding, viz. screening segregating populations of crosses between a resistant 
donor and an otherwise elite susceptible parent at natural disease hot spots or artificially 
inoculated nurseries, is time consuming and expensive. Besides, some susceptible plants 
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may escape giving erroneous results. Once identified, tightly linked DNA markers for 
different resistance gene(s) can be of great help in identifying plants carrying resistance 
gene(s) in early generations, reducing the number of plants that are carried forward to 
advanced generations (Guthrie et al. 1992). The selections carrying resistance genes can 
be grown at several locations to test for agronomic desirability, even in the absence of 
the pathogen (Tenkouano 1993). 
Several DNA fingerprinting techniques have been developed in the past years. 
Amplified fragment length polymorphism (AFLP) technology (Vos et al. 1995) has 
proven to be a powerful, consistent, and efficient tool for genetic mapping. AFLPs are 
widely used today in most of the crop species. Simple sequence repeats (SSR) markers, 
also widely used where available since they are also detected using PCR, are usually co-
dominant, display high levels of polymorphism and are amenable for automated 
genotyping strategies. In addition, these two marker technologies have been used for 
establishing linkage groups in sorghum (Klein et al. 2000; Menz et al. 2002). Numerous 
pairs of primers flanking SSRs are available from defined locations throughout the 
sorghum genome. 
 
SCIENTIFIC BACKGROUND  
 Sorghum (Sorghum bicolor L. Moench) produced as a   cereal grain worldwide 
ranks after wheat, rice, corn and barley (FAO 2001). It is an important crop in many 
developing countries in African, Asia and South America where it is used mainly for 
food, fodder, and fiber. In the US, sorghum is grown for animal feed and it has started to 
become an important source for ethanol production. Sorghum is predominantly grown in 
subtropical and semi-arid regions of the world, especially in the areas with low soil 
fertility and limited rainfall (Smith and Frederiksen 2000).   
 Sorghum production is limited by numerous biotic and abiotic constraints. 
Among the biotic constraints, damages caused by insects, disease and parasitic weeds 
(especially Striga) may significantly lower production Smith and Frederikesen 2000). 
One of the most devastating diseases of sorghum throughout the world is anthracnose, 
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caused by the fungus Colletotrichum graminicola (Ces.) Wilson (= Colletotrichum 
sublineolum Henn. in Kab and Bubák) (Sutton 1980; Sheriff et al. 1995. The causes of 
anthracnose in cereals including sorghum and maize has been ascribed to C. graminicola 
(Holliday 1980), but the sequence analysis of ribosomal DNA (rDNA) has demonstrated 
that the isolates from maize and sorghum are of different species (Sherrif et al. 1995). 
The first report of anthracnose in sorghum was in 1902 in Togo, West Africa 
(Vanderplank 1963) and the first report in the US was in 1912 in Texas (Warren 1986).  
Anthracnose is especially prevalent in sorghum production regions that are warm and 
humid (Ali and Warren 1992; Pastor-Corrales, 1980).  The disease can be devastating 
during years with high rainfall.  Damaging outbreaks of anthracnose have been reported 
in temperate sorghum producing areas of the US (Reyes et al. 1969; Cardwell et al. 
1987).  Harris and Sowell (1970) reported anthracnose as the most destructive disease in 
Georgia.   
 Anthracnose affects sorghum at all the different stages of development from 
seedling to maturity and all parts of the plant (Frederiksen and Odvody 2000). Three 
phases of the disease are recognized: foliar anthracnose, anthracnose stalk rot, and 
panicle and grain anthracnose. Foliar anthracnose, the most destructive phase of the 
disease, usually appears 30-40 days after emergence (Ferreira 2003).  
 
The Pathogen 
 Anthracnose disease of sorghum is caused by a fungus of the genus 
Colletotrichum (teleomorph Glomerella) (Hawksworth et al. 1983). In the past, the two 
species C. graminicola and C. sublineolum were considered as the same (Holliday, 
1980).  Although C. sublineolum is similar to C. graminicola, the characterization of 
isolates from maize and sorghum using molecular genetic analysis (18S ribosomal RNA 
analysis) and mating tests has indicated that the isolates from maize are distinct from 
those attacking sorghum (Horvarth and Vargas 2004; Sherrif et al. 1995; Warthon et al. 
2001). 
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 This fungus shows conidial dimorphism when cultivated on solid or in liquid 
media. In solid media only falcate conidia are produced, whereas in liquid media the 
conidia are of variable size, but mostly oval (Souza-Paccola 2003). Colletotrichum may 
survive as mycelium, conidia, and microsclerotia up to 18 months in crop debris on or 
above the soil surface, in alternate hosts, and as mycelium in infected seeds. 
Microsclerotia are produced in sorghum stalks of susceptible cultivars and survive better 
in crop debris on the soil surface (Casela and Frederiksen 1993). This pathogen is a 
highly variable organism, as demonstrated through virulence on differential host 
genotypes and molecular markers (Guthrie et al. 1992). 
 
Symptoms 
 The pathogen produces a wide range of symptoms on sorghum plants 
(Frederiksen and Odvody 2000). Leaf blight symptoms progress from lower to upper 
leaves and vary in size and color with host genotype. Spots enlarge and become tan with 
a wide border that varies in shade from red or orange to purple or tan. The entire leaf 
may become blighted if lesions coalesce. Dark fruiting bodies called acervuli develop on 
dead host tissue. When large numbers of acervuli form, they may be present in 
concentric rings. Black hair-like structures (setae) and conidiophores form in the 
acervulus. Conidiophores appear creamy to pinkish color when they are present in large 
numbers and serve as the source of inoculum for secondary infection. Leaf infection may 
also appear as a midrib infection. This type of infection is characterized by elongated 
elliptical lesions that vary in color from red to purple to black. Acervuli may also be 
present in these lesions. Leaf and midrib infections may occur independently of each 
other or together in which case yield loss increases (Frederiksen and Odvody 2000).  
Leaf anthracnose generally occurs at a growth stage of 50 days or later. If plants are 
infected early in the growing season, damping off may occur or plants may be stunted, 
yellow, and tiller poorly.  The resistant genotypes display only chlorotic flecks without 
acervuli. The moderately resistant genotypes often have necrotic spots on the leaf lamina 
without noticeable acervuli, whereas the susceptible genotypes have midrib and leaf 
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lamina infections, which were the most severe symptoms accompanied by proliferous 
acervuli (Gwary et al. 2004). 
 Panicle and grain anthracnose occur on mature plants. Spores of Colletotrichum 
produced from the leaf blight stage are splashed by rain or irrigation water to the panicle 
(inflorescence) and initiate infection (Pastor-Corrales and Frederiksen 1980). Initial 
lesions are water-soaked and turn tan or purple with age. They are elliptical or bar-
shaped, and occur just below the epidermis. If the panicle is split lengthwise, areas of red 
discoloured infected tissue can be seen interspersed with healthy white tissue. Black 
acervuli may be produced in infected tissue and extend on to seed produced on the 
panicle. Infected panicles are lightweight, may exhibit some degree of sterility and 
mature early. Infected seeds are discoloured, germinate poorly and may produce plants 
that succumb to seedling blight (Pastor-Corrales and Frederiksen 1980). 
 The stalk rot symptoms of anthracnose are very similar to the panicle infection 
phase. Infection may occur at any time during the growing season, but symptom 
development is most common on mature plants. Infection occurs when conidia from the 
leaf blight stage are splashed or wind blown to the stalks. The initial symptom of stalk 
infection is a water-soaked discoloration of rind tissue in the lower internodes. Lesions 
take on a reddish discoloration and infected tissue is interspersed with healthy tissue 
(Coleman and Stokes 1954). External infections are characterized by irregular bleached 
areas that are surrounded by a red border (host pigmentation). 
 
Economic Importance  
 Anthracnose disease causes both direct and indirect yield losses. The importance 
of direct losses varies with regions, cultivars, and climatic conditions. The reduction of 
1000 seed mass, 1000 seed density and the early abortion of seed are the most important 
factors in yield reduction (Ali et al. 1987). The premature dying of leaves and defoliation 
due to foliar anthracnose can reduce yield of sorghum and fodder by 30% in susceptible 
cultivars during epidemics (Ali et al. 1987). Foliar infection can occur at any stage of 
plant development and grain yield losses from this phase of the disease may be as high 
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as 50% on susceptible cultivars during severe epiphytotics (Pande et al. 1991; Ngugi et 
al. 2000; Thakur and Mathur 2000).  Estimation of yield loss due to anthracnose can 
often be difficult to determine (Ngugi et al. 2000). 
 Among the different methods used to control anthracnose, the use of resistant 
cultivars is still considered to be the most effective strategy to control the spread of the 
disease (Warren 1986; Rosenow and Frederiksen 1982). In regions with endemic 
anthracnose, breeding for stable host plant resistance has been difficult because of the 
hyper-variability in the nature of C. sublineolum and the inadequate understanding of the 
various genes that have been implicated in host resistance (Mathur et al. 1997). 
 
OBJECTIVE 
  Identify molecular markers tightly linked with the anthracnose resistance gene in 
sorghum line ‘SC155-14E’ in order to permit marker-assisted selection (MAS) in 
sorghum breeding and to map the major gene to a sorghum chromosome. 
 
MATERIALS AND METHODS 
Germplasm Development 
The plant materials used in this study, provided from the program of Dr. William 
Rooney consisted of an F2:3 population from a cross between SC155-14E (resistant 
parent) and BTx623 (susceptible parent). The cross was made in the field in College 
Station, Texas. The F2 populations were created by selfing F1 hybrid plants. Individual 
F2 plants were then self-pollinated to produce F2:3 lines. As a family, these lines were 
grown, inoculated with the pathogen using a mixture of the isolates AMP-92 (BB-03-3a) 
2003, C9 and AMP-92 – (BB-03-5a) 2003 and C9 and scored for resistance to 
anthracnose as a family to determine the genotype of the F2 parent. The F2:3 families 
were evaluated for anthracnose in years 2005, 2006 and 2007 at the TAMU Research 
farm, College Station and also in the greenhouse in 2006 and 2007. In the field, plants 
were scored for anthracnose before seed maturation and before harvest. A total of 36 
resistant and 27 susceptible progenies were identified in 2005 among approximately 300 
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F2 families tested with the remaining families scored as segregating. These 63 progenies 
were re-screened in the successive years in greenhouse and field conditions.  Finally, the 
results from these screening resulted in 16 F2.3 families that were consistently scored 
resistant and 9 as susceptible over all observations. The results of screening are shown in 
appendix III).  
 
Inoculum Preparation and Inoculation Procedure 
 Colletotrichum sublineolum isolates AMP-92 (BB-03-3a) 2003, C9 and AMP-92 
– (BB-03-5a) 2003, C9 were obtained from field infected plants in College Station 
(Louis Prom, USDA-ARS, Southern Plains Agricultural Research Center, College 
Station, TX.).  The inoculum and inoculation protocol were previously described by 
Erpelding and Prom (2004).  The isolate were grown on half strength Potato Dextrose 
agar (1/2 PDA) media, [10% (w/v) bacto-agar plus 19.5% w/v PDA] and incubate at 
room temperature for 5 to 7 days in the dark. Seed colonization consisted of soaking 
sorghum seed in tap water overnight. Seeds were rinsed and placed in trays covered with 
aluminium foil followed by autoclaving at 121ºC for 45 min at ~ 18 psi. A second 
autoclaving was done 24 hours after the first to eliminate any possible contamination by 
grain mold pathogens. The fungus was cultured for 5 to 10 days on the seed at room 
temperature in trays covered by aluminium foil to create darkness for complete 
colonization.  
 
Inoculation of Field Plots 
 Plants were inoculated (approximately 30 days after planting) at 7-10 leaf – 
stage.  As report by Ferreira (1982), a higher disease severity index is obtained at this 
leaf stage. At time of the planting, the two parents were grown after each 20 plots 
generating a total of 300 rows.  In summer 2005 and 2006 inoculations were completed 
in June. Anthracnose colonized seeds were placed in the leaf whorl of each plant 
(approximately 10 seeds per plant). Each individual plant in each row was inoculated in 
order to evaluate the variation in each progeny.  
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Anthracnose Assessment  
 The disease assessment was conducted approximately 30 to 40 days after 
inoculation. In 2005, anthracnose response was determined by using a scale of 1 to 5  
(Erpelding and Prom, 2004): where: 1 - no symptoms or chlorotic flecks on leaves 
emerging from the inoculated whorl; 2 - hypersensitive reaction (reddening or red spots) 
on inoculated leaves with no acervuli formation; 3 - chlorotic lesions on inoculated 
leaves with acervuli in the centre; 4 - elongated necrotic lesions with acervuli on infected 
leaves and spreading to other leaves; and 5 - coalescence of lesions with abundant 
acervuli resulting in leaf death and most leaves infected including the flag leaf. In 2006, 
plants were scored by visual estimation as resistant or susceptible without using a scale.  
In both cases rows with no symptoms were scored as resistant and those with symptoms 
on all plants were scored as susceptible. Selfed heads from these rows were collected 
and bulked for further evaluation.   
 
DNA Extraction and Purification 
A total of 36 resistant and 27 susceptible F2:3 progenies of sorghum from a cross 
between SC155-12E and BTX623 were grown in the greenhouse in pots containing 
bacto-soil mix for approximately 10 days. DNA extraction was performed using 
Epicentre Master Pure™ Plant Leaf DNA Purification Kit. 
 Using a micro-pestle, fresh sorghum plant leaf tissue (30-100 mg) was collected 
and ground in 1.5 ml microcentrifuge tube containing 300 μl of plant DNA extraction 
solution using a micro-pestle. The ground tissue was incubated at 70ºC for 30 minutes 
and samples were transferred onto ice to chill for 10 minutes. The cellular debris was 
pelleted by centrifugation in a micro-centrifuge for 5 minutes at ≥ 10,000 rpm. The 
supernatant was transferred to a clean microcentrifuge tube where an equal volume (100 
μl) of isopropanol was added and mixed thoroughly by inversion. The DNA was then 
pelleted by centrifugation in a micro-centrifuge for 5 minutes at ≥ 10,000 rpm. The 
supernatant was removed with a pipette.  The tubes were inverted and remaining alcohol 
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removed by wiping with paper.  The pelleted DNA was completely suspended in 100 μl 
of clean up solution and briefly vortexed to ensure complete re-suspension. The DNA 
was rinsed with 500 μl of 70% ethanol and put at -20ºC for 30 minutes. The ethanol was 
carefully removed and discarded with a pipette and the DNA pellet was briefly 
centrifuged to remove any remaining ethanol.  The DNA was suspended in 50 μl of TE 
buffer. Quantification of DNA yield was done by fluorometry using Hoechst 332583 
(Hoefer TKO 100 Mini-fluorometer San Francisco, CA). A280 estimates of yield can lead 
to gross overestimation of DNA content (up to 28 fold), even after ribonuclease 
treatment to degrade RNA. Verification of DNA quality was made using 2% agarose gel 
electrophoresis (see appendix II for details).   
 
Preparation of AFLP Templates EcoRI/MseI 
 The detailed information on the procedure of the AFLP templates EcoRI / MseI 
are presented in the appendix II. 
 
Restriction Digestion of Genomic DNA 
The DNA to be digested was diluted to a concentration of 0.1µg/µl.  In a 
microcentrifuge tube 2 µl of DNA (250 ng/µl) was added. A master mix was made with 
2 µl of 10X restriction enzyme buffer (Promega), 0.25 μl of EcoRI (Invitrogen at 10U/ 
μl (final concentration 5 U, total 2.5 μl), 0.25 μl of MseI (NEB-10 U/ μl (final 
concentration)  and dH2O to a total of 20 μl.  Calculated quantities of restriction enzyme 
buffer, enzymes and water were added to make a master mix that was dispensed into the 
microcentrifuge tubes with 2 µl of DNA.  The samples were mixed well and incubated 
for 2 h at 37ºC in a circulating water bath.  After incubation, samples were centrifuged 
and placed on ice. (See appendix for details).  
 
Adapter Ligation  
 For adapter ligation (Table 39), 10 µl of the following solution was made as a 
master mix and added to each digested DNA sample: 0.5 µl of 5 pM/µl EcoRI adapter, 
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0.5 of 50 pM/µl Mse adapter, 0.5µl of 1mM ATP (10 mM ATP), 0.17µl of 1U T4 DNA 
ligase (3 U/ 0.5 ul of 10 X buffer (Promega) of 1X RE buffer and 2.83µldH2O. The 
master mix was added to the restriction DNA samples, mixed well and incubated at 37ºC 
overnight. The next day the samples were spun to collect the liquid at the bottom of the 
tube and 225 μl of 1 X TE buffer was added to equal a final concentration of 1ng/µl (ten 
fold dilution). This dilute Template DNA was stored at -20ºC (Klein et al. 2000). Table 
42 gives AFLP primer and adapter sequences for EcoRI/MseI. (See appendix I for 
details). 
 
Pre-amplification of Dilute DNA Templates 
 In a 96-well plate, 5 µl of dilute template DNA was first added to each well. A 
master mix of 10 µl was added for each reaction, consisting of the following solution:  2 
µl 10 X PCR buffer (Promega, Madison, WI), 2 µl 25 mM MgCl2, 1.6 µl of 2.5 mM 
dNTPs, 1 µl 30 ng/µl E- pre-amplification primer, 1 µl 30 ng/µl M-C, A, G or T- pre-
amplification primer (Table 8), 0.08 µl Taq polymerase (Promega), and 7.32 µl H2O.  
Reaction mixtures were mixed well by drawing up and down with a pipettor eight to ten 
times.  The PCR reaction was performed for 20 cycles with the following cycle profile: 
94ºC for 30 sec, 56ºC for 60 sec, 72ºC for 60 sec, and final hold at 4ºC.  Following PCR, 
the pre-amplification reactions were diluted 10-fold by adding 180 µl of ½ X TE and 
labelled dilute pre-amplified template (dilute T/A). This gave a final DNA concentration 
of 25pg/ul at this step.  Equal 100 μl aliquots were made into two duplicate arrays and 
stored at -20ºC. 
To make adapters, the two individual primers must first be annealed. This gave a 
final DNA concentration at this step of 1ng/μl (see appendix I for details). 
 
AFLP- PCR Selective Amplification 
For E selective primers, we used the currently available primers with IRD detectable 
labels detectable at the wavelength shown:  E-CAA (700nm) E-TGA (700nm), E-GAA 
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(700nm), E-GGA (800nm), E-ACC (700nm), E-AGT (800 nm), E-CTG (800 nm), and 
E-TAC (800 nm). 
For M- selective primers, 16  were used: M-CNN: M-CAA, M-CAC, M-CAG, M-CAT, 
M-CCA, M-CCC, M-CCG-, M-CCT, M-CGA, M-CGC, M-CGG, M-CGT, M-CTA, M-
CTC, M-CTG, AND M-CTT. 
After labelling the appropriate PCR tube or plate, the selective amplifications 
were set up as follows: 2 µl of dilute pre-amplification template DNA (50 pg total) was 
taken and put into PCR plates and 8 µl of the following master mix was added to each 
tube: 2 µl of 5X Go Taq Flexi PCR buffer (Promega Madison, WI), 1 µl of 25 mM 
MgCl2, 0.8 µl of 2.5 mM dNTPs, 2 µl of 7.5 ng/µl M-selective primer, 0.25-0.4 µl 
approximately of 1 µM (1 pmole/µl) IRD-labelled E-selective primer (from LI-COR®), 
0.04 µl Taq polymerase (Promega Madison, WI), ddH20 to make the volume 8 µl per 
reaction.  The amount of IRD-labelled primer is based on the 1uM dilution 
recommended by LI-COR®.  The IRD label is somewhat light sensitive so the IRD-
labelled primer and reaction mixes containing it were shielded from light by wrapping or 
covering with aluminium foil.  
 Selective amplification reactions were performed as follows: 1 cycle of 2 min at 
94ºC followed by 13 cycles of 30 sec at 94ºC, 30 sec annealing step at 65ºC, and 1 min 
at 72ºC.  The annealing temperature in the first cycle was 65ºC and was subsequently 
reduced by 0.7ºC after each cycle. PCR parameters for 23 cycles were 94ºC for 30 sec, 
56ºC for 30 sec, 72ºC for 60 sec followed by a 5 min hold at 72ºC and a final hold at 
4ºC. (See appendix I for details). 
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Table 42. AFLP primer and adapter sequences for EcoRI/MseI. 
 
Oligonucleotide Sequence 
E-Adapter 1 CTC GTA GAC TGC GTA CC 
E-Adapter 2 AAT TGG TAC GCA GTC TAC 
M-Adapter 1 GAC GAT GAG TCC TGA G 
M-Adapter 2 TAC TCA GGA CTC AT 
E-pre-amplification primer (+0) GTA GAC TGC GTA CCA ATT C 
M-pre-amplification primer (+1) ACG ATG AGT CCT GAG TAA - N 
E-selective primer (+3) AGA CTG CGT ACC AAT TC - NNN 
M-selective primer (+3) GAT GAG TCC TGA GTA A - NNN 
 
SSR –LICOR 
For the SSR LICOR, the following SSR primers were used to test for co-segregation: 
Xtxp3, Xtxp13, Xtxp19, Xtxp55, Xtxp72, Xtxp13, and Xtxp 201.   
SSR Primers: The SSR primer sequences obtained from MWG-Biotech AG (Oligo-
synthesis) are the followings: 
Xtxp3F: 5’-AGC AGG CGT TTA TGG AGG -3’ 
   3’-ATC CTC ATA CTG CAG GAC C-5’ 
Xtxp55: 5’-TCA TGG CAT CGG ACT ATT G-3’ 
   3’-AAG GTT GGC GTA GAA ATG TGT-5 
Xtxp72: 5’-GCG TTT ATG GAA GCA AAA T-3’ 
   3’-CGA ATC CTA ATT GAG GTA AGC-5’. 
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After labelling the 96 well plate, 2 µl of 2.5ng/µl of DNA was added to each well 
and 8 µl of the following master mix was added; 2µl of 5X Go buffer (Promega 
Madison, WI), 1 µl of 25 mM MgCl2, 0.8 µl of 2.5 mM dNTPs, 1 µl of 1Pmole/µl of 
Forward labelled primer, 1µl of Reverse unlabelled primer, 0.06µl of Taq polymerase 
and 2.14 of ddH2O. The PCR conditions were the following: One cycle of 95ºC for 2 
minutes followed by 30 cycles of 95ºC for 45 seconds, the melting temperature of the 
primer for 45 seconds, 72ºC for I minutes and followed by one cycle of hold at 72ºC for 
20 minutes and a final hold of 4ºC.  
 
Gel Preparation:  
For the AFLP LI-COR gel preparation, gloves were worn as recommended to 
prevent exposure to acrylamide which can be absorbed through the skin. Each side of 
both glass plates were cleaned with ethanol solution, dried with a towel, and placed on a 
raised surface. In an epitube, 400 μl acetic acid (10%) and 600 μl bind silane were 
mixed.   Using a cotton-tipped swab, the solution was painted   along the comb insert 
area of each plate. All the acetic acid and bind silane solution was used, and the plate 
was dried between each application. Between applications, a 10% solution of ammonium 
persulfate and ddH2O was mixed.  For preparation of the gel plate, water was used to 
moisten the spacers, as they were laid on each edge of the lower plate. The top plate was 
carefully placed onto lower, making sure the edges were perfectly even, then the plate 
clamps were used to secure their position.  A total of 25 ml of Gene Page KB Plus 6% 
was poured into a beaker. Two pipettes, one containing 15 μl of TEMED and another 
with 150 μl of APS solution were prepared. Simultaneously, the contents of both pipettes 
were added to the Gene Plus beaker and the beaker was swirled gently to avoid 
formation of bubbles. Using a syringe, the mixture was extracted carefully from the 
beaker, again without allowing bubbles to enter the syringe. The gel plate was filled by 
simultaneously emptying the syringe into the comb-holding edge of the plate while 
pounding on the plate to help the gel move through without allowing air bubbles. Once 
the plate sandwich was filled, it was placed on a flat surface to prevent the gel from 
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running. A piece of black plastic background was placed behind the gel to help 
illuminate any bubble that might have formed.  Such bubbles were removed from the gel 
using a bubble wand. The comb was inserted in a single, straight motion into the gel 
plate. The remaining gel mixture was used to cover the comb and fill any empty spaces. 
The plate was covered with a moist piece of lab bench paper and allowed to set 
for at least 3 hours or over night. Before using plate, the side clamps and comb were 
removed and placed the holder and the outside of the plate was washed to remove extra 
acrylamide. The plates were washed under running water with soap and a brush with the 
gel comb left in place to prevent liquid entering the wells. A permanent red marker was 
used to denote each well on the front of the plate. The clamps were reattached, making 
sure they were level by keeping the plate upright and the comb was removed. Using a 
syringe, all bubbles and gel were removed from the wells before loading a sample.  
 
Gel Analysis 
   For analysis of the AFLP products, a dual - dye LI-COR®) 4200 IR2 automated 
DNA sequencing system was used.  After amplification, 5 µl of each sample labelled 
using the IRD-700 nm EcoRI primer was pooled with the samples labelled with the IRD-
800 nm EcoRI primer then 2µl of basic fusion dye (LI-COR) was added to each pooled 
sample.  Samples were denatured for 5 min at 95ºC and 1 µl of each sample was loaded 
on a Gene PAGE KB Plus (6% polyacrylamide gel).  LI-COR 25 cm plates were used 
for casting gels with 0.25 mm thick spacers and combs.  Electrophoresis was performed 
at a constant power of 40 W and temperature of 47.5ºC for 2 to 3 hours.   
 Gels were visually scored for polymorphism.  A reference sorghum genome map 
(Klein et al. 2000) was used to assign marker-identified regions to the appropriate 
linkage group (http://sorghumgenome.tamu.edu).   
 
Experimental Design for AFLP Tagging 
Field screening for anthracnose disease resistance in BTx623 (susceptible parent) 
* SC155-14E (resistant parent) derived segregating population was carried out for 
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phenotyping. Segregation ratios were tested to model the inheritance pattern and to 
identify the number of genes controlling the disease. Initial screening was conducted 
using as many AFLP primer combinations as possible in 12 resistant (non-segregating in 
the F3 generation) and 12 susceptible progeny with their parents and with mapping 
parents. By using the sorghum reference genome map (Klein et al. 2000) 
(http://sorghumgenome.tamu.edu) both AFLP and SSR markers in the flanking 
chromosome region were screened. Primer combinations showing possible co-
segregation with anthracnose resistance were identified; if the same bands showed 
segregation in the mapping parents, this helped to tentatively locate the map position of 
the resistance gene.  Contig BAC sequences for the closely linked AFLP markers were 
used for designing new primers for the development of STS/SSR markers and fine 
mapping. 
 
RESULTS  
Segregation Analysis 
 The phenotypic data collected both in field experimentation in 2005 and 2006 
and in greenhouse in 2006 and 2007 revealed segregation among a large number of F2:3 
families. Some families scored as resistant in field conditions showed segregation or 
susceptibility in greenhouse experiments. Similarly, some families scored as 
homozygous in one year were found to be segregating the next.  As a consequence, only 
F2 individuals that were consistently scored as homozygous resistant or susceptible in 
the subsequent tests were included in the screen to identify co-segregating AFLPs. 
Mehta et al., (2005) tested a subset of the population. He initiated the molecular marker 
study with four different populations with four different resistant source parents viz. 
SC155-14E*BTx623, SC991-14E*BTx623, SC748-5*BTx623, and SC414-
12E*BTx623. Recently, Ramasamy et al. identified a closely linked molecular markers 
(AFLP and SSR) using SC748-5 populations that is on chromosome J (manuscript under 
preparation). With additional phenotypic data from SC155-14E population identification 
of closely linked molecular markers are to be identified. Availability of markers linked 
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to multiple resistance genes for a single pathogen can be of great help in increasing the 
efficiency of molecular resistance breeding via gene pyramiding. 
 
AFLP Analysis  
The DNA obtained from the 63 presumed homozygous F2:3 families (36 resistant 
and 27 susceptible) was used for analysis. For the AFLP analysis, DNA samples were 
either digested with restriction endonuclease pairs EcorRI and MseI or separately with 
PstI and MseI. A total of one hundred twenty AFLP primer combinations each with 3 
bases extension (+3/+3) were initially examined in twelve resistant and twelve 
susceptible F2 plants as identified from selfed progeny. The cultivar IS3620C was also 
included so that both parents used to develop the sorghum genomic map (BTx623 and 
IS3620C) could be compared for polymorphism and co-segregation in the 
susceptible/resistant F2:3 (Menz et al. 2002). The products were examined using a dual-
dye LI-COR 4200 IR2 gel detection system (LI-COR Inc., Lincoln, NE). The primer 
information and PCR conditions can be found from the Sorghum Genome website at 
http://sorgblast2.tamu.edu/. 
The results from the AFLP analysis identified three prospective markers on 
linkage group B. The first maker identified was Xtxa607 (73.3-75.3 cM, E87M59-152.0) 
for the primer combination (E-tga-M-cta) with a size of 152 bp (Fig. 31). The other two 
markers identified were Xtxa3182 (73.3-75.3 cM, E42M50-260.2) for the primer 
combination (E-agt-M-cat), size 260.2 bp, (Fig.32) and Xtxa3427 (64.8-68.8 cM, 
E61M50-161.8) with the primer combination (E-ctg-M-cat) size 161.8 bp (Fig.33). 
While none of the markers identified in the preliminary study subsequently showed close 
linkage to the target locus, potential linkage could be established.  For example, with 
Xtxp607, among the 12 progenies screened as resistant, 7 contained only the allele from 
the resistant parent, and 5 were heterozygous.  For the same marker, 6 alleles from the 
susceptible parent were present in 9 progenies (Table 43).   
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              123 
 
Fig. 31. Co-segregation of AFLP marker Xtxa607 for LICOR gel image, size 152 
bp, Primer E-tga-M-cta. 
 
 
 123 
 
Fig. 32. Co-segregation of AFLP marker Xtxa3182 for LICOR gel image, size 
260.2 bp, Primer E-agt-M-cat. 
 
 
         123 
 
Fig. 33. Co-segregation of AFLP marker Xtxa3427for LICOR gel image, size 
161.8 bp, Primer E-ctg-M-cat. 
 
Note: 1: IS3620C, 2: BTx623, 3:SC155-14E. 
 260.2 
 162 
  152 
Screened R Screened S
  Remaining R Remaining S  
Remaining R Remaining S 
Remaining S  Screened R  Screened S
Screened S
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Remaining R 
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In order to use linked SSRs to test the population, three markers from the same 
region of linkage group B were identified as polymorphic and co-dominant in the 
progenies tested. These were Xtxp 3, (73.3-75.7 cM, with a size of 232 bp), Xpxp55 (73-
3-75.7 cM, size 209 bp) and Xtxp72 (73.5-75.7 cM, size 123 bp) (Figs. 34, 35, and 36). 
The results of primer Xtxp55 showed among resistant progeny, only one was missing the 
band (as in the susceptible parent). 6 out of 12 showed only the band from the resistant 
parent and the remaining 5 showed segregation (Table 43). In the 9 susceptible 
progenies, 2 showed resistant parent bands, 5 the susceptible parent band only and two 
were segregating.  
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Fig. 34. SSR- LICOR for the marker Xtxp3. 
 
 
 
     123 
 
Fig. 35. SSR- LICOR for the marker Xtxp55. 
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Fig. 36. SSR- LCOR for the marker Xtxp72. 
Note: 1: IS3620C, 2: BTx623, 3: SC155-14E. 
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Table 43. Number of resistant and susceptible alleles for AFLP and SSR tags in the 12 
resistant and 9 susceptible progenies.  
 
Homozygous resistant  Homozygous 
susceptible 
Map 
distance 
 
 
 
Markers 
SC155 
alleles 
BTx 
alleles 
SC155 
alleles 
Btx allele cM 
AFLPs 
Xtxa607 
Xtxa3182 
Xtxa3427 
SSRs 
Xtxp3 
Xtxp55 
Xtxp72 
 
19/24 
18/22 
17/22 
 
8-17/22* 
17/24 
14/22 
 
5/24 
4/22 
5/22 
 
>5/22* 
7/24 
6/22 
 
6/18 
5/16 
2/16 
 
4-8/16* 
6/18 
6/18 
 
12/18 
11/16 
14/16 
 
8-12/16* 
12/18 
12/18 
 
26 
24 
18 
 
≥ 24 
31 
30 
  * cannot distinguish homo/heterozygosity when the SC155 allele is present 
 
Table 44. Number of resistant and susceptible alleles for AFLP and SSR tags in all 
progeny populations. 
 
Resistant Susceptible Markers 
 
Size 
(bp) SC155 
alleles 
only 
BTx 
alleles 
only 
Seg. SC155 
alleles 
only 
BTx 
allele 
only 
Seg. 
RFLP 
Xtxa607 
Xtxa3182 
Xtxa3427 
SSR 
Xtxp3 
Xtxp55 
Xtxp72 
 
152.0 
260.2 
161.8 
 
 
209 
123 
 
38/66 
42/66 
32/66 
 
 
28/66 
32/66 
 
16/66 
20/66 
28/66 
 
 
16/66 
14/66 
 
12/66 
4/66 
6/66 
 
 
22/66 
20/66 
 
20/54 
22/54 
14/54 
 
 
12/54 
20/54 
 
18/54 
22/54 
32/54 
 
 
28/54 
26/54 
 
16/54 
10/54 
8/54 
 
 
14/54 
8/54 
Note:   R = resistant, S = susceptible, Seg.= Segregation.
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Table 45. Results of AFLP-LICOR showing polymorphisms detected by different primers, and unique bands amplified for 
each parent.  
Primers Polymorphic 
bands a 
SC155 b BTx623 c Primers Polymorphic 
bands a 
SC155 b BTx623 c 
E-tga-M-caa 
E-tga-M-cac 
E-tga-M-cca 
E-tga-M-ccc 
E-tga-M-cag 
E-tga-M-cat 
E-tga-M-cta 
E-tga-M-ctg 
E-tga-M-ctt 
E-tga-M-cga 
E-ctg-M-cat 
E-ctg-M-ccc 
E-ctg-M-cta 
E-acc-M-cat 
E-acc-M-ccc 
E-gga-M-caa 
E-gga-M-cac 
E-gga-M-cac 
E-gga-M-ctg 
E-gga-M-ctt 
E-caa-M-cgg 
E-caa-M-cgt 
E-caa-M-cta 
E-caa-M-ctc 
E-gga-M-cat 
E-acc-M-cag 
2 
6 
4 
3 
4 
2 
2 
2 
5 
1 
6 
3 
2 
4 
3 
6 
13 
3 
1 
1 
1 
3 
1 
5 
2 
3 
1 
4 
2 
2 
0 
2 
2 
0 
4 
0 
3 
2 
1 
2 
2 
2 
6 
1 
0 
0 
1 
2 
0 
4 
1 
1 
1 
2 
2 
1 
4 
2 
0 
2 
1 
1 
3 
1 
1 
2 
1 
4 
7 
2 
1 
1 
0 
1 
1 
1 
1 
2 
E-ctg-M-cgg 
E-gga-M-cca 
E-ctg-M-cta 
E-ctg-M-cgt 
E-caa-M-cga 
E-caa-M-cgt 
E-tac-M-cta 
E-tac-M-ctc 
E-tga-M-ccc 
E-tga-M-ccg 
E-tga-M-cct 
E-acc-M-cta 
E-acc-M-cgc 
E-acc-M-cgt 
E-caa-M-cga 
E-caa-M cgt 
E-caa-M-caa 
E-tga-M-cga 
E-tga-M-cgc 
E-acc-M-ccg 
E-acc-M-ctc 
E-tac-M-cta 
E-tac-M-ctc 
E-ctg-M-ccg 
E-ctg-M-ctc 
E-acc-M-cga 
3 
5 
0 
3 
3 
5 
1 
2 
3 
2 
3 
2 
1 
3 
3 
5 
3 
1 
2 
4 
1 
1 
1 
5 
4 
3 
2 
2 
0 
1 
2 
4 
1 
1 
2 
1 
2 
2 
1 
2 
3 
3 
3 
0 
1 
3 
1 
1 
1 
4 
2 
3 
1 
3 
0 
2 
1 
1 
0 
1 
1 
1 
1 
0 
0 
1 
0 
2 
0 
1 
1 
1 
0 
0 
0 
1 
2 
0 
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Table 45: (Continued) Results of AFLP-LICOR showing polymorphisms detected by different primers, and unique bands 
amplified for each parent.  
Primers Polymorphic 
bands a 
SC155 b BTx623 c Primers Polymorphic 
bands a 
SC155 b BTx623 c 
E-caa-M-cac 
E-tac-M-cac 
E-tac-M-cag 
E-tac-M-cac 
E-gaa-M-ctg 
E-gaa-M-caa 
E-gaa-m-cac 
E-gaa-M-cgg 
E-gga-M-cgt 
E-gaa-M-cag 
E-gaa-M-cat 
E-gaa-M-ccg 
E-gaa-M-cct 
E-agt-M-cgg 
E-agt-M-cgt 
E-agt-M-caa 
E-agt-M-cac 
E-agt-M-ctg 
E-agt-M-ctt 
E-agt-M-ccg 
E-agt-M-cct 
E-agt-M-cag 
E-agt-M-cat 
Sub-Total 
Total 
2 
2 
1 
5 
1 
1 
4 
1 
0 
1 
1 
0 
4 
1 
1 
0 
1 
1 
1 
1 
1 
4 
2 
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1 
0 
0 
2 
0 
0 
2 
1 
0 
1 
1 
0 
2 
0 
1 
0 
1 
1 
0 
0 
1 
0 
0 
57 
1 
2 
1 
3 
1 
0 
2 
0 
0 
1 
0 
0 
2 
1 
0 
0 
0 
0 
1 
1 
0 
4 
2 
66 
E-acc-M-cta 
E-gga-M-ctc 
E-tga-M-cta 
E-gga-M-cta 
E-gaa-M-cca 
E-tac-M-cag 
E-gga-M-cgc 
E-tac-M-ccg 
E-tac-M-cct 
E-tac-M-ctt 
E-tac-M-ctg 
E-tac-M-cgt 
E-tac-M-cca 
E-tac-M-cac 
E-tac-M-cgg 
E-tac-M-cgt 
E-caa-M-cgc 
E-caa-M-cat 
E-acc-M-ctg 
E-caa-M-cgg 
E-caa-M-ctg 
E-agt-M-ccc 
E-agt-M-cgc 
1 
2 
3 
1 
5 
3 
2 
1 
0 
2 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
1 
1 
0 
101 
224 
1 
2 
3 
1 
5 
3 
2 
1 
0 
2 
0 
0 
0 
1 
1 
1 
1 
2 
2 
2 
1 
1 
0 
101 
224 
0 
0 
2 
0 
2 
3 
1 
1 
0 
1 
0 
0 
0 
1 
1 
1 
1 
1 
1 
2 
0 
0 
0 
39 
105 
Note: a: number of bands that differ in the parents, b: number of bands unique to SC155, c: number of bands unique to 
BTx623.
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DISCUSSION 
 Systematic information about the control of genetic resistance to anthracnose is 
available on a limited basis. Various studies have reported anthracnose resistance being 
conditioned by different numbers of genes with different modes of inheritance, 
sometimes due to the use of different isolates, different evaluation methods or 
environment, host, and pathogen interaction (Cardwell et al. 1989). Coleman and Stokes 
(1954) reported that resistance to anthracnose is conferred by two closely linked 
dominant genes each conferring resistance to different phases of the disease. Jones 
(1979) and Tenkouano (1993) both reported that resistance to anthracnose was 
controlled by single genetic locus with multiple allelic forms. Boora et al. (1998) 
reported that a single recessive gene conferred resistance in SC326-6. To add to the 
severity of problem, breakdown of resistance has been reported, indicating existence of 
multiple pathotypes. 
In the recent study by Mehta (2002), numerous simply inherited and unique 
sources of anthracnose resistance were documented that are readily available in the 
sorghum germplasm base. Anthracnose resistance in those lines are highly heritable and 
can be transferred or introgressed into elite sorghum germplasm.  
In this study, the analysis of the different gel images from AFLP Licor showed a 
large number of unique bands that differentiate the two parents, SC155 and BTx623.  
The number of bands showing segregation in the parents and in progenies varies from 0 
to 13 from the results of 102 primer combinations. In that way we can estimate the 
number of unknown loci screened and use it to make an estimate of the average gap 
(map unit) between the segregation markers across the whole genome.  A total of 224 
segregating bands were identified in the two parents for the 102 primer combinations 
where 119 unique were present in SC155 and 105 unique bands were present in BTx623 
(Table 41).  
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Given a total map length of approximately 1800 cM for the sorghum genome, on 
average a unique AFLP band from one parent or the other would be expected every 8 
cM.  On the average then, no allele would be more than 4 cM from a tag. Thus it is 
surprising that no markers were found that showed better co-segregation to serve as a tag 
for resistance.  It seems unlikely that the problem resulted from inclusion of one or more 
segregating lines in the AFLP test populations, since all those used in initial screening 
were tested at least 4 times. Even if the field and greenhouse inoculations involved 
different pathogen populations requiring different resistance genes, the plants used in the 
screen showed resistance in all tests, so would be expected to include the targeted 
resistance gene or genes.  The lack of closer mapping when the  F2 plants scored as 
homozygous in the first scoring may be attributed to several cases where mis-scoring in 
now evident.    
The fact that the SSRs chosen from the same region as two previously mapped 
AFLP loci that were also polymorphic in the mapping parents gave the same segregation 
ratios suggests that the resistance gene is on Linkage Group B.  Selecting new SSR 
markers that also differ in SC155 and BTx623 approximately 25 cM on either side of the 
makers used should lead to a useful DNA based tag.   
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CHAPTER IV 
CONCLUSIONS 
  Grain mold and anthracnose are the two major diseases that cause the largest 
damage in sorghum production worldwide. They are caused by fungi belonging to the 
ascomycotae.  Grain mold pathogens can affect the morphological and physiological 
characteristics of the seed by the deterioration of seed quality factors including lowering 
germination rates, reduced seedling vigour and diminished value as a food source. The 
management and control grain mold disease is complex because of the presence of 
multitudes of pathogens involved in the infection process.  Among different methods 
used for the management the use of resistant genotype seems to be the best option. In 
field conditions, environmental conditions affect greatly the infection process. In the 
present study, it was observed that sorghum panicles covered with bags showed some 
degree of protection against grain mold and/or insects.  That is, the germination test 
showed the lowest germination rate for seed collected from naturally infected, non - 
covered panicles. The most likely explanation is panicle insects (most notably, head bug) 
that cause damage to grain at the milky stage. Also, the sorghum seeds, especially those 
damaged by head bugs may be exposed to many other secondary infections by 
saprophytic or facultative pathogenic fungi. Control plants inoculated with water and 
bagged had the greatest germination rate.  For the two fungi used for artificial infection, 
Fusarium thapsinum caused the highest damage to sorghum rain as shown by the low 
rate of seed germination compared to Curvularia lunata and the mixture.  There was no 
synergistic effect of the two pathogens Curvularia lunata and Fusarium thapsinum for 
mold infection.  Among the 13 sorghum cultivars, SC748, Sureno, SC719 and SC660 
showed the highest germination rate while the susceptible cultivar to grain mold RTx430 
and SC414 had the lowest rate.  
The mycoflora seed test showed that multiple fungal species are present in seeds 
whether or not the plant is inoculated with the two fungi used in this study. For fungal 
species recovered from seeds, Fusarium thapsinum appears as the most frequent on 
sorghum followed by Curvularia lunata and Alternaria.  There was a very high level of 
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recovery of F .thapsinum on all seeds from plants inoculated with this fungus and on 
plants inoculated with the mixture of the two pathogens.  Naturally infected plants (non- 
covered) showed the presence of other numerous fungi species but Alternaria spp. seems 
to be most prevalent. Some other fungal species like Fusarium semitectum, Aspergillus 
spp, Rhizoctonia spp where also present at a small level on seed surfaces.  
The response of sorghum cultivars to grain mold infected involves multiple 
defense genes. For example, sorghum cultivars respond differentially to grain mold 
infection by the production of fungal cell wall degrading enzymes such as glucanase and 
chitinase. In this study primer pairs were designed to examine the responses of specific 
genes encoding these and other pathogen related (PR) proteins. 
Real time reverse transcriptase PCR was used to quantify the responses in 
sorghum plants 48 hours after inoculation with fungal spores in comparison to mock 
inoculated controls.  PR-10, a small protein of 16 kDa was shown to be highly induced 
in sorghum glumes and spikelets of resistant cultivars Sureno and Tx2911, but not in 
susceptible cultivars when grown in a greenhouse. It is expressed constitutively in leaves 
of young seedlings The specific ß-(1,3)glucanase examined was also expressed in 
glumes of resistant cultivars and constitutively at low level in leaves but the chitinase 
gene analyzed was expressed only in moderately susceptible cultivars. Sormatin was not 
expressed in sorghum spikelets in the early stage of seed development.  The expression 
of thaumatin was low and constitutive in glumes and gynoecia but PAL (phenylalanine 
ammonia lyase) expression was high in plant resistant cultivars Sureno and Tx2911 after 
inoculation with C. lunata. The resistant cultivar Tx2911 was the only cultivar to have a 
high expression of apoptosis related protein after inoculation with C. lunata. The 
antifungal protein AFP was expressed mostly in Sureno, a resistant cultivar when 
inoculated with C. lunata. The expression of the other genes like obtusifoliol was low 
and constitutive but Leucine Rich Repeat was expressed in the leaves of the resistant 
cultivars Sureno and Tx2911 when inoculated with C. lunata and with F. thapsinum 
respectively.  Overall in greenhouse conditions, the resistant cultivars showed that 
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relatively higher levels of defense response mRNAs were induced in plants inoculated 
with C. lunata.   
Among the different cultivars examined in field experiments after inoculation 
with the mixture of the two pathogens, SC279 expressed more glucanase in glumes than 
the other cultivars, but the expression of chitinase mRNA in glumes was spectacularly 
increased for anthracnose resistant cultivar SC748.  In gynoecia, the cultivar SC279 
showed highest expression of chitinase.  The expression of PR10 was very high in the 
glumes of the SC748 when inoculated with a mixture of fungal spores. In this study the 
overall levels of expression of defense response genes was typically  more pronounced 
in field than in greenhouse tests, especially in plants  inoculated plant with C. lunata.  
There was no synergic effect on the expression of most defense gene when the mixture 
of the two fungi was used for inoculation.  
The quality of results obtained from real-time PCR can be influenced by a 
number of factors. One of the most important is the rapid degradation of total RNA and 
another is the presence of DNA even after DNase treatment. SYBR Green, a simple and 
economical format for detecting and quantitating PCR products in real-time reactions, 
was used in this study and it can bind any double stranded DNA, including primer 
dimers and could provide false expression of the defense response. Differential 
responses for various primer sets amplifying the same samples suggest that DNA 
contamination is unlikely to explain the differences seen.  Similarly, primer dimers 
would be expected to give equivalent and high Ct values for any sample where no true 
amplification occurred.  Where tested, the Ct values for “no mRNA” controls were 
always higher (if detected at all) than for RNA-containing samples, further suggesting 
that primer dimers were not a significant factor. 
The period of inoculation can also affect the expression of the message. 
Generally, plants were inoculated at anthesis (50% flowering) but this factor was not 
fully controlled to ensure a full penetration of the inoculum or that the optimal florets 
were included in the samples collected.   
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Despite the courrence of many difficulties to explain observations, the initial 
goals were achieved, in that 1) several primer sets useful for RT-PCR quantification of 
specific mRNA populations were developed, 2) examples were found where cultivars 
differed in levels of response for specific defense pathway genes, and 3) tissue specific 
differences in expression were documented.   
In the resistance gene tagging component of the research, markers identified 
from AFLPs and SSRs were loosely linked to resistance.  The phenotopic data collected 
during the three years in field and greenhouse tests showed the difficulty in accurate 
scoring. Progeny rows thought to be derived from homozygous resistant and susceptible 
F2 individuals sometimes were seen to be segregating or even opposite the next year.  
The presence of other diseases, especially gray leaf spot may have led to errors in 
classification, especially in the initial year of scoring.  In 2006 a storm with high winds 
blew all of the progeny rows flat on the ground, making scoring even more difficult.  
Consequently, only those lines that were consistently scored as resistant in all 3 years by 
3 evaluators and in greenhouse tests were used to screen for linked AFLP markers.  SSR 
markers from the same region were used to confirm that the gene for anthracnose 
resistance in SC155 is located on linkage group B.  The results suggest that markers 20-
30 cM on one side or the other of those tested should provide useful tags for the 
resistance gene.    
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Plant leaf DNA Purification protocols 
 
1. Grind 30-100 mg of fresh weight plant leaf in a 1.5 ml microcentrifuge tube 
containing 300 μl of plant DNA extraction solution.  We recommend using a 
micro – pestle designed for micro-centrifuge tubes 
2. Incubate the ground tissue at 70ºC for 30 minutes. Transfer samples onto ice and 
chill fro 10 minutes. 
3. Pellet cellular debris by centrifugation in a microcentrifuge for 5 minutes at ≥ 
10,000 rpm 
4. Transfer the supernatant to a clean microcentrifuge tube; repeat the 
centrifugation step to remove residual debris. Transfer the supernatant  to a clean 
microcentrifuge tube 
5. Add an equal volume of isopropanol to the clarified supernatant, and mix 
thoroughly by inversion. Pellet the DNA by centrifugation in a microcentrifuge  
for 5 minutes at ≥ 10,000 rpm   
6. Remove the supernatant with pipette. Invert tubes, wipe paper. Completely 
suspend the pelleted DNA in 100 μl of clean up solution  Briefly vortex  mix if 
necessary to ensure complete resuspension 
7. Add 100 μl of isopropanol to the resuspended DNA and mix thoroughly by 
inversion. Pellet the DNA by centrifugation in a microcentrifuge  for 5 minutes at 
≥ 10,000 rpm 
8. Wash the DNA pellet with 500 μl of 70% ethanol. Put at -20ºC for 30 minutes. 
Carefully remove and discard the ethanol with a pipette. Briefly, centrifuge the 
DNA pellet and remove any remaining ethanol 
9. Suspend the DNA in 50 μl of TE buffer. If the DNA solution is not clear or 
colorless repeat the cleanup steps by adding 100 μl of cleanup solution and 
precipitating with 150 μl of isopropanol (see steps 7 & 8 above). Suspend the 
final pellet in 50 μl of TE buffer. 
10. Quantitate DNA yield by fluorimetry using Hoechst 332583. A280 estimates of 
yield can lead to gross overestimation of DNA content ( up to 28 fold), even after 
ribonuclease treatment to degrade RNA 
11. Store the DNA at 4ºC  
 
Invitrogen Protocol: 
 
Superscript™ III Platinium® One-Step Quantitative RT-PCR 
TaqMan probe reaction Mix 
Component for 25 μl reaction 
Superscript™ III Platinium® taq Mix:     0.5 μl 
2X reaction Mix:                                       12.5 μl 
Forward primer    0.5 μl 
Reverse primer    0.5 μl 
Fluorogenic probe    0.25 μl 
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Nuclease free water   9.75 μl 
RNA (200 μg / μl)    1 μl  
 
Cycling program (Cepheid Smartcycler) 
50ºC for 15 minutes (cDNA synthesis) 
95ºC for 2 minutes (initial activation) 
95ºC for 15 seconds (denaturation)   
60ºC for 30 seconds (annealing / extension)   } 40 cycles 
72ºC for 30 seconds (hold) 
     
Superscript™ III Platinium® SYBR Green One-Step Quantitative RT-PCR 
Component for 25 μl reaction 
Superscript™ III Platinium® taq Mix:     0.5 μl 
2X SYBR Green reaction Mix:                 12.5 μl 
Forward primer    0.5 μl 
Reverse primer    0.5 μl    
Nuclease free water   10 μl 
RNA (200 μg / μl)    1.0 μl  
 
Cycling program (Cepheid Smartcycler) 
50ºC for 15 minutes (cDNA synthesis) 
95ºC for 2 minutes (initial activation) 
95ºC for 15 seconds (denaturation) 
TM ºC for 30 seconds (annealing / extension)} 40 cycles 
72ºC for 30 seconds (hold) 
 
 
Protocol for Purification of total RNA from plant cells and tissue and filamentous 
fungi using RNeasy Plant Mini Kit 
Before starting: β -mercaptoethanol β-ME) must be added to Buffer RLT before use. 
Add 10μl of b-ME per ml of Buffer RLT. Dispense in a fume hood and wear 
appropriate protective clothing. Buffer RLT containing β -ME can be stored at room 
temperature for up to 1 month 
Buffer RPE is supplied as a concentrate. Before using for the first time, add 4 
volumes of ethanol (96-100%) as indicated on the bottle to obtain a working solution 
 
Procedure: 
1. Determine the correct amount of starting material. Do not use more than 100 mg  
2. Immediately place the weighted tissue in liquid nitrogen, and grind thoroughly 
with mortar and pestle. Decant tissue powder and liquid nitrogen into an RNAse 
–free, liquid nitrogen cooled, 2 ml centrifuge tube (not supplied). Allow the 
liquid nitrogen to evaporate, but do not allow tissue to thaw. Proceed 
immediately to step 3 
  
154
3. Add 450 μl of Buffer RLT to a maximum of 100 mg of tissue powder. Vortex 
vigorously. A short time (1-3 min) incubation at 56ºC may help to disrupt tissue. 
However, do not incubate samples wit high starch content at elevated 
temperatures otherwise swelling of the sample will occur. 
4. Transfer the lysate to a QIAshredder spin column (lilac) placed in a 2 ml 
collection tube, and centrifuge for 2 min at full speed. Carefully transfer the 
supernatant of the flow through to a new microcentrifuge tube (not supplied) 
without disturbing the cell-debris pellet in the collection tube. Use only this 
supernatant in subsequent steps. It may be necessary to cut the end of the pipet 
tip to facilitate pipetting of the lysate into the QIAshredder spin column 
5. Add 0.5 volume of ethanol (96-100%) to the cleared lysate, and mix immediately 
by pipetting. Do not centrifuge. Proceed immediately to step 6. 
6. Transfer the sample (usually 650 μl), including any precipitate that may have 
formed, to an RNeasy spin column (pink) placed in a 2 ml collection tube 
(supplied). Close the lid gently and centrifuge for 15 seconds at >8000 x g 
(>10,000 rpm). Discard the flow through. Reuse the collection tube in step 7 
7. Add 700 μl of Buffer RW1 to the RNeasy spin column. Close the lid gently and 
centrifuge for 15 seconds at t >8000 x g (>10,000 rpm) to wash the spin column 
membrane. Discard the flow through. Reuse the collection tube in step 8. Skip 
this step if performing optional on-column DNase digestion 
8. Add 500 μl of Buffer RPE to the RNeasy spin column. Close the lid gently and 
centrifuge for 15 second at >8000 x g (>10,000 rpm) to wash the spin column 
membrane. Discard the flow through. Reuse the collection tube in step 9 
9. Add 500 μl of Buffer RPE to the RNeasy spin column. Close the lid gently and 
centrifuge for 2 minutes at >8000 x g (>10,000 rpm) to wash the spin column 
membrane. Discard the flow through and collection tube 
10. Optional: place the RNeasy spin column in a new 2 ml collection tube (supplied) 
and discard the old collection tube with the flow through. Close the lid gently, 
and centrifuge at full speed for 1 minute 
11. Place the RNeasy spin column in a new 1.5 ml collection tube (supplied). Add 
30-50 μl of RNeasy free-water directly to the spin column membrane. Close the 
lid gently and centrifuge  for 1 minute at  >8000 x g (>10,000 rpm) to elute the 
RNA 
 
RNA quantification using Nanodrop 
After blanking and setting the system to zero with 1 µl RNase free water, place 1 µl 
of RNA onto the sensor and measure the RNA concentration; the instrument 
automatically calculates the RNA concentration. The NanoDrop ND-1000 
Spectrophotometer (260/280 nm) can measure 1 µl samples with concentrations 
between 2 ng/µl and 3,000 ng/µl without dilution 
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DNA-free™ DNase treatment and Removal Reagents (cat # 1906) 
1. Add 0.1 volume10X DNase I Buffer and 1 μl rDNase I to the RNA and mix 
gently.  Routine DNase treatment; use 1 μl rDNase I (2 U) for up to 10 μg of 
RNA in a 50 µl reaction volume. 
2. Incubate at 37 ºC for 20-30 min. 
3. Add resuspended DNase Inactivation Reagent (typically 0.1volume) and mix 
well. Always resuspend the DNase Inactivation Reagent by flicking or vortexing 
the tubes before dispensing it. For routine treatments, use 2 μl or 0.1 volume of 
DNase Inactivation Reagent whichever is greater. For the volume of RNA 50 μl, 
and 1 μl of rDNase I, was used add 5 μl of DNase Inactivation Reagent. 
4. Incubate 2 min at room temperature mixing occasionally. Mix the content of 
the tubes 2-3 times during the incubation period to redisperse the DNase 
Inactivation Reagent. 
5. Centrifuge at 10,000 x g for 1.5 min and transfer the RNA to a fresh tub  
 
 
AFLP-licor protocols 
Chemicals:  
Sterelized ddH2O, 10 x TBE buffer, ammonium persulfate (APS) -10%, KB Plus  
acrylamide, TEMED –Bior-rad, Band silane stock solution -50 μl bind silane (y 
methacryloxypropyl-trimethoxysilane)  to 10 ml of 100% ethanol, acetic acid- 10% 
AFLP acrylamide gel preparation- (wear gloves when working with acrylamide! (AB 
Napier 2006) 
1. Clean each side of glass plates with ethanol solution, dry with towel, place on 
raised surface (covered with towel) 
2. Create Acetic Acid and Bind Silane solution in epitube:  
Mix:  400 μl acetic acid (10%) 
600 μl bind silane (or 800 μl) 
3. Using a cotton-tipped swab, paint solution along comb insert area of each plate 
(the long horizontal area where the comb will come in contact with the plate). 
4. Use all the acetic acid and bind silane solution, but allow the plate to dry 
between each application. Between applications, mix a 10% solution of 
ammonium persulfate and ddH2O. (APS will be pre-weighted in an eppitube 
with weight given: 0.05 g, add .5 ml of water). Mix well, making sure the 
solution is well dissolved 
5. Prepare the gel plate. Use water to moisten the spacers, lay them on each edge 
of the lower plate. Carefully place the top plate onto lower plate, make sure 
edges are perfectly even 
6. Use plates clamps to secure edges of the plate  
7. Set plate at an angle,  with the comb edge at the highest point, so that the gel 
solution can be easily poured  into plate 
8. Pour 25 ml of Gene Page Plus 6% into a beaker 
9. Prepare two pipettes, one containing 15 μl of TEMED and another with 150ul 
of APS solution 
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10. Simultaneously add the content of both pipetters to the Gene Plus. Carefully 
swirl the beaker to create a mixture, but do not create bubbles 
11. Using a syringe, carefully extract the mixture from the beaker, again without 
allowing bubbles to enter the syringe 
12. Carefully fill gel plate by emptying the syringe in a continue motion into the 
comb-holding edge of the plate. “Pound” the plate with your fist to help the gel 
move through the plate without allowing air bubbles. Do not use all the 
solution, save about 5 ml with which to ensure the comb. 
13. Once plate is full, place it on a flat surface to prevent the gel from running out. 
Place black plastic behind the gel to help illuminate any bubble that might have 
formed in the gel. 
14. Remove any and all bubbles from the gel using bubble wand 
15. Carefully insert the comb in a single, straight motion into the gel plate 
16. Use remaining gel mixture to cover comb and fill any empty spaces 
17. Attach comb plate holder to gel plates 
18. Cover plate with moist piece of lab bench paper and allow to rest for at least 3 
hours or over night. 
19. Before using plate, remove the side clamps and comb place holder and wash 
the outside of the plate, to remove extra acrylamide. Wash plates under running 
water with soap and brush. Leaves gel comb in plate to prevent liquid entering 
the wells 
20. If need, use a permanent red marker to denote each well on the front of the 
plate. 
21. Reattach clamp, making sure they are level by keeping the plate upright. 
Remove comb and you are ready to go 
 
Protocol for AFLP analysis using the Licor system 
Protocol modified from “AFLP: a new technique for DNA fingerprinting “. P Vos et 
al (1995), Nucleic acids research 23: 4407 
 
Preparation of AFLP templates: Mse - EcoRI 
Restriction-Digestion of genomic DNA 
-dilute the DNA to be digested to a concentration of 0.1 μg/ μl 
DNA-250ng 
 
10 X Restriction buffer     2 μl  
EcoRI Invitrogen 10U/ μl (final concentration 5 U 0.25ul }total 2.5 ul 
Mse (NEB-10 U/ μl (final concentration)   0.25 μl 
H2O+ genomic DNA 250ng (DNA to 17.5)   17.5 
Total: 20 ul (2.5 ul +17.5 μl) 
In order: genomic DNA, master mix and water 
Incubation at 37 ºC water bath for 2 hours then spin the samples 
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Adapter ligation 
Master mix 
5 pM/ul EcoRI adapter   0.5 
50 pM/ul Mse adapter   0.5 
1mM ATP (10 mM ATP)  0.5 
1U T4 DNA ligase (3 U/ μl)  0.17 
1X RE buffer    0.5 of 10X buffer 
H2O     2.83 
Add the master mix 5 μl to the restriction DNA samples, mix well, incubate at 37ºC 
overnight. Next day spin the samples and add 225 μl of 1 X TE buffer. Mark dilute 
Template DNA and store at -20ºC 
 
Primers: 
E-Adapter1*:   CTC GTA GAC TGC GTA CC 
E-Adapter2*  AAT TGG TAC GCA GTC TAC 
M-Adapter1*:  GAC GAT GAG TCC TGA G 
M-Adapter2*:  TAC TCA GGA CTC AT 
E-Preamp Primer: (+0) GTA GAC TGC GTA CCA ATT C 
M-Preamp Primer (+1) ACG ATG AGT CCT GAG TAA-N(N for any 1 selective 
base) 
E-Selective primer (+3): AGA CTG CGT ACC AAT TC –NNN 
M-Selective Primer (3): GAT GAG TCC TGA GTA –NNN 
For E selective primers, we currently have E-CAA (700nm) E-TGA (700nm), E-
GAA (700nm), E-GGA (800nm), E-ACC (700nm), E-AGT (800 nm), E-CTG (800 nm), 
and E-TAC (800 nm) 
For M- selective primers, 16  are used: M-CNN: M-CAA, M-CAC, M-CAG, M-
CAT, M-CCA, M-CCC, M-CCG-, M-CCT, M-CGA, M-CGC, M-CGG, M-CGT, M-
CTA, M-CTC, M-CTG, AND M-CTT.. 
To make adapters, the two individual primers must first be annealed. To make the 
M- adapter, make 100 pmoles/ μl stock solution of each individual M-adapter 
primer. Mix equal volumes of these M-adapter1 and M-adapter2. This gives a final DNA 
concentration at this step of 1ng/ul. Label these tube as diluted template DNA and store 
at -20ºC 
 Preamplification of dilute DNA templates: 
In PCR plates tubes, add: 
5 μl  dilute template DNA 
2 μl  10X PCR buffer (Promega) 
2 μl  25mM MgCl2 
1.6 μl  2.5 mM dNTPs 
1 μl  30 ng/ μl E-preamp primer 
1 μl   30 ng/ μl M or M-C, A, G or T preamp primer 
0.08 μl  Ta polymerase (Promega) 
7.32 μl  H2O (to 15 μl) 
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First add 5 μl of dilute template DNA to the labeled PCR tubes and then prepare the 
master mix containing the remaining ingredients. Add 15 μl of this master mix to each 
DNA sample, Mix the reaction well by drawing up and down 8-10 times with pipettor 
PCR as follow: 20 cycles of 94ºC for 30sec, 56ºC for 60sec, 72ºC for 60sec and a 
final hold at 4ºC. 
Following the PCR, dilute the preamplification  reaction 10-fold by adding 180ul of 
½ X TE and label dilute preamplified template (dilute T/A). This gives a final DNA 
concentration of 25pg/ul at this step.  Aliquot out the 200 μl l dilute P/A into two 
duplicate arrays each containing 100 μl Store at -20ºC 
 
 
AFLP-PCR- Selective amplification 
After labeling the appropriate PCR tube or plate, set up the selective amplifications as 
follows: 
2 μl    dilute preamp template (50pg total)  
1 μl   10X PCR buffer (Promega) 
1 μl   25 mM MgCl2 
0.8 μl   2.5 mM dNTPs 
2 μl    7.5 ng/ul M-selective primer 
0.25-0.4 μl  1uM (1 pmole/ul) IRD-labeled E-primer (from LI-COR® 
0.04 μl   Taq polymerase (Promega)  
H2O   to 8 μl 
Place the 2 ul of dilute preamp template into each tube and then make a master mix 
containing the other entire component. Add 8 μl of mater mix to each tube and mix by 
pipetting up and down 8 to 10 times 
 
Amounts or IRD-labeled primer is base on the 1uM dilution recommended by LI-
COR®.  The IRD label is somewhat light sensitive. It is best to minimize exposure of the 
IRD-labeled primer and reaction mixes containing it, to light by wrapping or covering 
with aluminum foil.  
Amplify the samples as follow: 
-Touch down PCR 1 cycle of 94ºC for 2 min, followed by 13 cycles of: 94ºC for 
30 sec, 65ºC for 30 sec, 72ºC for 60 sec and lower annealing temperature by 0.7 
ºC after each cycle. 
PCR for 23 cycles at 94º for 30 sec, 56ºC for 30 sec, 72ºC for 60 sec followed by 
5 min hold at 72ºC and a final hold at 4ºC 
 
Store reactions covered in aluminum foil at -20ºC until ready to run the gel. 
For running the gel on LI-COR® automated sequencer, remove 5 μl of each PCR 
samples that was amplified with 700 nm IRD-labeled E-selective primer and place it into 
a new 32 well PCR plate in the correct loading orientation. To these samples then add 5 
μl of each PCR sample that was amplified with 800 nm IRD-labeled E-selective primer. 
To the pooled PCR samples (10μl total volume) add 10 μl of LI-COR® basic fusion 
loading dye. Denature the samples at 95ºC for 2.5 min and then place on ice. Load 10ul 
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of the pooled samples on  a KB Plus  6.5% gel matrix  (Ready -to-use gel matrix 
containing Urea  and TBE for LI-COR® automated DNA sequencing System) using 1X 
TBE as running buffer. 
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Beta –glucanase 
The GLM procedure 
Class    level    Information 
Class  Level  Values 
Rep  2  12 
Genotypes 13  1 2 3 4 5 6 7 8 9 10 11 12 13 
 
 Number of observations read  26 
 Number of observations used  26 
 
Dependent variable:  CL_TF 
 
Source    DF Sum of square  Mean Square   F.  Value Pr> F 
Model    13 67.87942692  5.22149438 39.68  <.0001 
Error    12 1.57903846  0.13158654  
Corrected total  25 69.45846538 
 
 R-square coeff. Var.  Root MSE  CL_FT Mean 
 0.977266 1.4214936  0.362749  25.51885 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
Rep  1 1.54111154 1.541111154  11.71  0.0051 
Genotype 12 66.33831538 5.52819295  42.01  <.0001 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
Rep  1 1.54111154 1.541111154  11.71  0.0051 
Genotype 12 66.33831538 5.52819295  42.01  <.0001 
 
Dependent variable: Control 
 Source DF Sum of Square Mean Square   F.  Value Pr> F 
Model   13 46.64898846  3.58838373 44.34  <.0001 
Error   12 0.97121538  0.08093462  
Corrected total 25 47.62020385 
 
 R-square coeff. Var.  Root MSE  Control Mean 
 0.979605 1.110939  0.284490  25.60808 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
Rep  1 2.16923462 2.16923462   26.80  0.0002 
Genotype 12 44.47975385 3.70664615  45.80  <.0001 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
Rep  1 2.16923462 2.16923462  26.80  0.0002 
Genotype 12 44.47975385 3.70664615  45.80  <.0001 
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T  test (LSD) for CL_FT 
This test controls the Type I comparisonwise error rate, not experimental error rate 
 
  Alpha     0.05 
  Error degree of freedom  12 
  Error Mean Square   0.131587 
  Critical value of t   2.17881 
  Least Significant difference  0.7904 
 
The ANOVA procedure 
Class  levels  values   
Geno  13  g1 g10 g11 g12 g13 g2 g3 g4 g5 g6 g7 g8 g9 
Rep   2  12 
Trt  2  12 
Number of Observations read  52 
Number of observations used  52 
 
Dependent variable: score 
 
Source   DF Sum of Squares Mean Square F value Pr > F  
Model    38 208.7425923  5.4932261 10.49  <.0001 
Error    13 6.80900000  0.5237692 
Corrected total  51 215.5515923 
 
R-Square Coeff Var Root MSE score mean 
0.968411 3.073067 0.723719 23.55038 
 
Source  DF Anova SS Mean Square  F value Pr > F 
Geno  12 163.5005923 13.6250494  26.01  <.0001 
Rep  1 6.3840077 6.3840077  12.19  0.0040 
Trt  1 2.0322769 2.0322769  3.88  0.0705 
Geno*rep 12 5.3818923 0.4484910  0.86  0.6028 
Geno*trt 12 31.4438231 2.6203186  5.00  0.0036 
 
 Test of hypothesis Using the Anova MS for geno*rep as an Error Term 
Source  DF Anova SS Means Square   F value Pr > F  
Geno  12 163.5005923 13.6250494  30.38  <.0001 
 
Tukey’s Studentized Range (HSD) test for score 
This test controls the type I experimentwise error rate, but it generally has a higher type 
II error rate than REGWQ 
  Alpha     0.05 
  Error degree of freedom  12 
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  Error Mean Square   0.448991 
  Critical Value of Studentized range 5.70984 
  Minimum Significant Difference 1.9119 
 
 
Chitinase II glumes 
The GLM procedure 
Class    level   Information 
Class  Level  Values 
Rep  2  12 
Genotypes 13  1 2 3 4 5 6 7 8 9 10 11 12 13 
 
 Number of observations read  26 
 Number of observations used  26 
 
Dependent variable:  CL_TF 
 
Source   DF Sum of square  Mean Square   F.  Value Pr> F 
Model    13 69.69262308  5.36097101 8.56   0.0003 
Error    12 7.51103846  0.62591987  
Corrected total  25 77.20366154 
 
 R-Square coeff. Var.  Root MSE  CL_FT Mean 
 0.902711 3.612181   0.791151  21.90231 
 
Source  DF Type I SS Mean Square  F. value  Pr>F 
Rep  1 28.74906154  28.74906154  45.93  <0.0001 
Genotype 12 40.94356154 3.41196346  5.45   <.0032 
 
Source  DF Type III SS  Mean Square  F. value Pr>F 
Rep  1 28.74906154  28.74906154  45.93  <0.0001 
Genotype 12 40.94356154 3.41196346  5.45   <.0032 
 
Dependent variable: Control 
 
 Source   DF Sum of square  Mean Square   F.  Value Pr> F 
Model    13 116.0137500  8.9241346  6.15   0.0017 
Error    12 17.4135154  1.4511263   
Corrected total  25 133.4272654 
 
 R-square coeff var  Root MSE  control Mean 
 0.869491 5.221356  1.204627  23.07115 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
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Rep  1 71.74523462 71.74523462  49.44    <.0001 
Genotype 12 44.26851538 3.68904295  2.54   0.0599 
 
Source  DF Type III SS Mean Square  F. value Pr>F 
Rep  1 71.74523462 71.74523462  49.44    <.0001 
Genotype 12 44.26851538 3.68904295  2.54   0.0599 
 
T  test (LSD) for CL_FT 
This test controls the Type I comparisonwise error rate, not experimental error rate 
 
  Alpha     0.05 
  Error degree of freedom  12 
  Error Mean Square   0.62592  
  Critical value of t   2.17881 
  Least Significant difference  1.7238 
 
Chitinase II gynoecia 
The GLM procedure 
Class    level   Information 
Class  Level  Values 
Rep  2  12 
Genotypes 13  1 2 3 4 5 6 7 8 9 10 11 12 13 
 
 Number of observations read  26 
 Number of observations used  26 
 
Dependent variable:  CL_TF 
 
Source   DF Sum of square  Mean Square   F.  Value Pr> F 
Model   13 106.4996577  8.19228141 12.98  <.0001 
Error   12 7.573458    0.6311212   
Corrected total 25 114.0731115 
 
 R-Square coeff. Var.  Root MSE  CL_FT Mean 
 0.933609 3.401883   0.794431  23.35269 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
Rep  1 2.6304962   2.6304962    4.17  <0.0638 
Genotype 12 103.8691615 8.6557635  13.71  <.0001 
 
Source  DF Type III SS  Mean Square  F. value Pr>F 
Rep  1 2.6304962   2.6304962    4.17  <0.0638 
Genotype 12 103.8691615 8.6557635  13.71  <.0001 
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Dependent variable: Control 
 
 Source DF Sum of square  Mean Square   F.  Value Pr> F 
Model  13 94.88304231  7.29869556 19.19  <.0001 
Error  12 4.56316154  0.38026346  
Corrected total 25 99.44620385 
 
 R-square coeff. Var.  Root MSE Control Mean 
 0.954114 2.596653  0.616655 23.74808 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
Rep  1 3.80778846 3.80778846  10.01  0.082 
Genotype 12 91.07525385 7.58960449  19.96  <.0001 
 
Source  DF Type III SS Mean Square  F. value Pr>F 
Rep  1 3.80778846 3.80778846  10.01  0.082 
Genotype 12 91.07525385 7.58960449  19.96  <.0001 
 
T  test (LSD) for CL_FT 
This test controls the Type I comparisonwise error rate, not experimental error rate 
 
  Alpha     0.05 
  Error degree of freedom  12 
  Error Mean Square   0.631121 
  Critical value of t   2.17881 
  Least Significant difference  1.7309 
 
ANOVA procedure 
Class  levels  values   
Geno 13   cgyf1 cgyf10 cgyf11 cgyf12 cgyf13 cgyf2 cgyf3cgyf4                                   
                     cgyf5 cgyf6 cgyf7 cgyf8 cgyf9 
Rep   2  12 
Trt  2  12 
Number of Observations read  52 
Number of observations used  52 
 
Dependent variable: score 
 
Source    DF Sum of Squares Mean Square F value Pr > F  
Model    37 210.0581423  5.6772471 14.47  <.0001 
Error    14 5.4934500  0.3923893 
Corrected total  51 215.5515923 
 
R-Square Coeff Var Root MSE score mean 
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0.974514 2.659871 0.626410 23.55038 
 
Source  DF Anova SS Mean Square  F value Pr > F 
Geno  12 163.5005923 13.6250494  34.72  <.0001 
Rep  1 8.4666016 8.4666016  21.58  0.0004 
Trt  1 2.0322769 2.0322769  5.18  0.0391 
Geno*rep 11 4.6148484 0.4195317  1.07  0.4450 
Geno*trt 12 31.4438231 2.6203186  6.68  0.0006 
 
 Test of hypothesis Using the Anova MS fo geno*rep as an Error Term 
Source  DF Anova SS Means Square   F value Pr > F  
Geno  12 163.5005923 13.6250494  30.38  <.0001 
 
Tukey’s Studentized Range (HSD) test for score 
This test controls the type I experimentwise error rate, but it generally has a higher type 
II error rate than REGWQ 
  Alpha     0.05 
  Error degree of freedom  13 
  Error Mean Square   1.287542 
  Critical Value of Studentized range 5.62533 
  Minimum Significant Difference 4.5135 
 
 
PR10- glumes 
The GLM procedure 
Class   level   Information 
Class  Level  Values 
Rep  2  12 
Genotypes 13  1 2 3 4 5 6 7 8 9 10 11 12 13 
 
 Number of observations read  26 
 Number of observations used  26 
 
Dependent variable:  CL_TF 
 
Source   DF Sum of square  Mean Square   F.  Value Pr> F 
Model    13 52.42355000  4.03258077 4.46   0.0071 
Error    12 10.8603000  0.90502500  
Corrected total  25 63.28385000 
 
 R-Square coeff. Var.  Root MSE  CL_FT Mean 
 0.828387 4.557260   0.951328  20.87500 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
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Rep  1 1.69065000  1.69065000  1.87  0.1968  
Genotype 12 50.73290000 4.22774167  4.67  0.0062 
 
Source  DF Type III SS  Mean Square  F. value Pr>F 
Rep  1 1.69065000  1.69065000  1.87  0.1968 
Genotype 12 50.73290000 4.22774167  4.67  0.0062 
 
Dependent variable: Control 
 
 Source   DF Sum of square  Mean Square   F.  Value Pr> F 
Model    13 86.13797308  6.62599793 7.329  0.0007 
Error    12 10.85793846  0.90482821 
Corrected total  25 96.99591154 
 
  R-square coeff. Var.  Root MSE Control Mean 
  0.888058 4.321255  0.951225 22.01269 
 
Source  DF Type I SS Mean Square  F. value Pr>F 
Rep  1 5.11311154 5.11311154  5.65    0.0349 
Genotype 12 81.02486154 6.75207179  7.46   0.0007 
 
Source  DF Type III SS Mean Square  F. value Pr>F 
Rep  1 5.11311154 5.11311154  5.65    0.0349 
Genotype 12 81.02486154 6.75207179  7.46   0.0007 
 
T  test (LSD) for CL_FT 
This test controls the Type I comparisonwise error rate, not experimental error rate 
 
  Alpha     0.05 
  Error degree of freedom  12 
  Error Mean Square   0.905025 
  Critical value of t   2.17881 
  Least Significant difference  2.0728 
 
  
168
 
APPENDIX III 
 
 
 
 
 
 
 
 
 
 
  
169
Table A1: Anthracnose SC155-14 population's -Phenotypic & Genotypic  consolidated scoring data 
  
Plot Plot Source Pedigree 2005 2006 
 
2007 DNA 
2005 2006       Magill 
Ram/ 
Seriba Delroy GH-1 
GH
-2 
Fld-
1 
Fld-
2 
GH- 
I 
GH-
II # 
15005 20005 04WF915-3 (BTx623*SC155-14E)-CSF2 R H H R R R R R H R R1 
15006 20006 04WF915-4 (BTx623*SC155-14E)-CSF2 R R R R R R R R R R R2 
15009 20009 04WF915-7 (BTx623*SC155-14E)-CSF2 R R H R R R R R R R R3 
15010 20010 04WF915-8 (BTx623*SC155-14E)-CSF2 R S S R R R R R R R R4 
15012 20012 04WF915-10 (BTx623*SC155-14E)-CSF2 S S S S S S S H R H S1 
15014 20014 04WF915-12 (BTx623*SC155-14E)-CSF2 S H S Seg S S S H H H S2 
15015 20015 04WF915-13 (BTx623*SC155-14E)-CSF2 R R R R R(MR) Seg H H R R R5 
15016 20016 04WF915-14 (BTx623*SC155-14E)-CSF2 R R R R S S R R R R R6 
15021 20021 04WF915-19 (BTx623*SC155-14E)-CSF2 S H S R Seg R S S H S S3 
15022 20022 04WF915-20 (BTx623*SC155-14E)-CSF2 S H S R S S S S S H S4 
15023 20023 04WF915-21 (BTx623*SC155-14E)-CSF2 S S S S S S S S S S S5 
15026 20026 04WF915-24 (BTx623*SC155-14E)-CSF2 R H H R R Seg S H H R R7 
15030 20030 04WF915-28 (BTx623*SC155-14E)-CSF2 R H H R R Seg H H H H R8 
15032 20032 04WF915-30 (BTx623*SC155-14E)-CSF2 R R R R R R R R R H R9 
15036 20036 04WF915-34 (BTx623*SC155-14E)-CSF2 R RH R H R S H H H R R10 
15039 20039 04WF915-37 (BTx623*SC155-14E)-CSF2 S S S S S S S S S S S6 
15040 20040 04WF915-38 (BTx623*SC155-14E)-CSF2 S S S S S Seg S S H S S7 
15042 20042 04WF915-40 (BTx623*SC155-14E)-CSF2 R R H S R R R R R R R11 
15055 20055 04WF915-53 (BTx623*SC155-14E)-CSF2 R R R R  R R R R R H R12 
15062 20062 04WF915-60 (BTx623*SC155-14E)-CSF2 R R H R R S R R R R R13 
15063 20063 04WF91-61 (BTx623*SC155-14E)-CSF2 S S S S S S S S S S S8 
15066 20066 04WF915-64 (BTx623*SC155-14E)-CSF2 R R R R R R R R R H R14 
15070 20070 04WF915-68 (BTx623*SC155-14E)-CSF2 R H H R S S R R H R R15 
15072 20072 04WF915-70 (BTx623*SC155-14E)-CSF2 S S S S ? ? R   S S S9 
15081 20081 04WF915-79 (BTx623*SC155-14E)-CSF2 Seg H H R S S R R H S S10 
15087 20087 04WF915-85 (BTx623*SC155-14E)-CSF2 R R R R R R R R R R R16 
15089 20089 04WF915-87 (BTx623*SC155-14E)-CSF2 R H H R S S S H R H R17 
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15093 20093 04WF915-91 (BTx623*SC155-14E)-CSF2 S S S S S S S S S S S11 
15095 20095 04WF915-93 (BTx623*SC155-14E)-CSF2 R H H R S S S S H R R18 
15099 20099 04WF915-97 (BTx623*SC155-14E)-CSF2 S S S S S S S S H H S12 
15102 20102 04WF915-98 (BTx623*SC155-14E)-CSF2 S R H R S S S S S H S13 
15103 20103 04WF915-99 (BTx623*SC155-14E)-CSF2 R R R R R R R R R R R19 
15106 20106 04WF915-102 (BTx623*SC155-14E)-CSF2 R R H R R R R R R R R20 
15109 20109 04WF915-105 (BTx623*SC155-14E)-CSF2 R R H R R R R R R R R21 
15110 20110 04WF915-106 (BTx623*SC155-14E)-CSF2 S R H R S S S S S S S14 
15120 20120 04WF915-116 (BTx623*SC155-14E)-CSF2 R R H R R R R R R R R22 
15121 20121 04WF915-117 (BTx623*SC155-14E)-CSF2 S R R R S S S S S H S15 
15123 20123 04WF915-119 (BTx623*SC155-14E)-CSF2 R H H R Seg R R R R R R23 
15132 20132 04WF915-128 (BTx623*SC155-14E)-CSF2 R R R R S Seg S R S H R24 
15133 20133 04WF915-129 (BTx623*SC155-14E)-CSF2 S H R R S S S S H H S16 
15138 20138 04CS1058-5 
(BTx623*SC155-14E)-F1-
CSF2 R H S R R Seg R H H R R24 
15139 20139 04CS1058-6 
(BTx623*SC155-14E)-F1-
CSF2 R H H R R R R R R R R26 
15143 20143 04CS1058-11 
(BTx623*SC155-14E)-F1-
CSF2 S R R R S S H H H H S17 
15149 20149 04CS1058-19 
(BTx623*SC155-14E)-F1-
CSF2 R H H R R R R R R H R27 
15151 20151 04CS1058-22 
(BTx623*SC155-14E)-F1-
CSF2 R H S R S S R R R R R28 
15183 20183 04CS1058-59 
(BTx623*SC155-14E)-F1-
CSF2 S ?   S S S S H S S18 
15185 20185 04CS1058-61 
(BTx623*SC155-14E)-F1-
CSF2 R H H R Seg R H H S R R29 
15194 20194 04CS1058-69 
(BTx623*SC155-14E)-F1-
CSF2 R R H R R R R R R R R30 
15195 20195 04CS1058-70 
(BTx623*SC155-14E)-F1-
CSF2 R H S R R Seg R R R R R31 
15196 20196 04CS1058-72 
(BTx623*SC155-14E)-F1-
CSF2 R R S R R R H H H H R32 
15204 20204 04CS1058-80 
(BTx623*SC155-14E)-F1-
CSF2 R H S R S S R R S H R33 
15207 20207 04CS1058-83 
(BTx623*SC155-14E)-F1-
CSF2 R R R R R R R R R R R34 
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15217 20217 04CS1058-93 
(BTx623*SC155-14E)-F1-
CSF2 R H H R R R R R R R R35 
15218 20218 04CS1058-94 
(BTx623*SC155-14E)-F1-
CSF2 S H H R S S H H S H S19 
15219 20219 04CS1058-95 
(BTx623*SC155-14E)-F1-
CSF2 R R R R R Seg R R H H R36 
15240 20240 
04CS1058-
117 
(BTx623*SC155-14E)-F1-
CSF2 S H S R S S H H H S S20 
15251 20251 
04CS1058-
128 
(BTx623*SC155-14E)-F1-
CSF2 S S S S S S S S S S S21 
15256 20256 
04CS1058-
133 
(BTx623*SC155-14E)-F1-
CSF2 S H H H S S S S S S S22 
15268 20268 04CS12196-2 
(BTx623*SC155-14E)-F2-
WE3 S H S R S S S S S S S23 
15284 20284 04CS12213-2 
(BTx623*SC155-14E)-F2-
WE20 S R H R S S S S S S S24 
15293 20294 04CS12222-2 
(BTx623*SC155-14E)-F2-
WE29 S H S R S S S S H S S25 
15306 20306 04CS12236-5 
(BTx623*SC155-14E)-F2-
WE43 S H H R S S R H S H S26 
15307 20307 04CS12236-3 
(BTx623*SC155-14E)-F2-
WE-44 S R H R S S S S H H S27 
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